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1 
I ABSTRACT 
Turbulent velocity profiles in viscoelastic drag reducing 
s•lutions were measured using -hot-film anemometer and Pitot 
tube techniques. Data were obtained in a solution cf one 
per cent aluminium dioleate in toluene and in 0.2 and 0.4 
per cent solutions of polyisobutylene (PIB) L-200 in cyclo-
hexane. Velocity profiles were also obtained for comparison 
in toluene and cyclohexane by both techniques. 
By integrating the Pitot tube velocity profiles, large 
flow rate discrepancies between integrated and measured flow 
rates were found for the drag reducing polymer and soap solu-
tions. '£.h is discrepancy was not observed in the hot-film 
.. 
anemometer measurements. 
The hot-film anemometer results indicated flatter profiles 
for t~e drag reducing soap solutions and steeper profiles for 
the drag reducing polymer solutions compared with the sol-
vents. A plot of the anemometer data at the highest Reynolds 
numbers in the form of u+ versus log y+ indicated an increase 
of thickness in the boundary layer for both soap and polymer 
solutions. 
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Drag reduction in turbulent flow, which is a decrease in 
the pressure drop of a solution compared with its solvent under 
the same flow conditions, has been observed in certain types 
of fluids such as polymers and soap solutions. Measurements 
of normal stresses (i.e., through capillary jet-thrust tech-
niques) have given evidence of viscoelasticity in these solu-
tions. 
Several theories have been offered using viscoelastic 
mechanisms to explain drag reduction. It is believed that a 
complete understanding of drag reduction phenomena requires 
a knowledge of the velocity profiles under drag reducing flow 
. -
;. . ~ . 
conditions. Investigators attempting to measure velocity 
profiles in viscoelastic solutions using Pitot tubes have 
generally observed disc r epancies between flow rates obt~ined 
by profile integration and measured by weighing. 
Therefore, this work was an attempt to measure quanti-
tative velocity profiles of viscoelastic drag reducing solutions 
with two different velocity sensors: a Pitot tube and a hot-
film anemometer. 
4 
III LITERATURE REVIEW 
VELOCITY PROFILES IN PIPE FLOW 
OF NEWTONIAN FLUIDS 
The substitution of Newton's law of viscosity for the 
shear stress in a shell momentum balance in laminar flow gives 
the expression describing the velocity profile in a round tube 
(2, 18), which in terms of the maximum velocity ocurring at the· 
center of the tube is: 
n (1) 
tim ax 
In the laminar regime, as observed by Reynolds (34) using dye 
injection techniques, the flow is composed of straight stream· 
lines. However, if the Reynolds number is increased these 
. . . . rl_. . 
streamlines become sinuous or turbulent for values of NRe above 
2100. In this turbulent region eddy formation occurs causing 
higher shear stiess for a given velocity gradient as well as 
higher heat and mass transfer rates than for the laminar stream 
motion. References (17) and (27) discuss the turbulent motion 
mechanism and some modern theories and developments. 
As the first step in obtaining an equation for the velocity 
profile in the turbulent regime, the Reynolds equations of 
motion for incompressible fluids are derived (17), based on 
the Navier-Stokes equation for constant viscosity. The Reynolds 
equations contain extra terms (Reynolds stresses) which are 
responsible for the greater shear stresses during turbulent 
flow. Solution of these equations for turbulent flow would 
5 
adequately describe the time averaged properties of the tur-
bulent flow if the number of equations were equal to the number 
of unkno\:Jns. However, with the continuity equation there are 
only four equations present for ten unknowns. In order to obtain 
more specific results the following semi-empirical expressions 
have been suggested for the Reynolds stresses: 
a) Boussinesq's Eddy Viscosity Expression (2), which is 
analogous to Newton's law of viscosity: 
T yx 
(t) (t) 
= - f'- du · rr (2) 
:;: (t) \~here "' is y.x the turbulent (Reynolds) stress in the 
x direction on the surface of an element of fluid . and 
~(t) is the turbulent coefficient of viscosity or eddy 
viscosity which depends on radial position. The total 
stress along the rz direction in pipe flow, is the sum 
of two contributions as follows: 
-T 
rx = - du C t l du f'Fr-~ ~ ( 3) 
where the first part of the right hand side of the 
equation describes the laminar contribution and the 
~" 
second part the turbulent one. Without an assumption 
of the variation of p-(t) with position this concept 
cannot yield a velocity profile equation. Since little 
progress has been made in that direction, it will not 
be considered further. 
6 
b) Von Karman Similarity Hypothesis (38), which is based 
on dimensional analysis con·siderations: 
in which the values of kk (universal constant), are 
determined from experimental data. 
( 4) 
c) frandtl 4 s Mixing Length Theory (42), which is based 6n 
an analogy of the eddy movement with molecular move-
ment and includes a length parameter, 1, proportional 
to the distance from the tube wall: 
T ( t) = p 12 dUX 2 
yx dY (5) 
VON KARMAN VELO~ITY PROFILE 
Substitution of equation (4) into a shell momentum balance 
yields the von Karman expression for the velocity profile, which 
has the form: 
G .. 
u = u max + u* (In { 1-[1-.y /R) + ~. 1-y ~~.} 
kk 
(6) 
in which kk is 0.40 by experiment, y is the distance from the 
wall, R is the pipe radius, and u* is the friction velocity. 
A recent improvement in the von Karman velocity profile is 
the addition of a constant. This equation, 
... 
~ = ii + u* (ln(l-~1-yiRl + fl-y/;)~ b, max ~ · 
k 
(7) 
well with experimental data in the region O<r/R<O.SS 
convi · • · . ·· 
m1ent for comparison with new velocity data, i.e. 
7 
for non-Newtonian fluids. Goldstein (12) recommends a value 
of 0.295 for kk and 0.172 forb, based on Nikuradse•s (26) 
velocity profile data which has been accepted as some of the 
' 
best available. 
LOGARITHMIC VELOCITY PROFILE LAW 
The Prandtl mixing length theory leads to a velocity 
profile equation of the form: 
- -u :: u 
r.1 ax 
u* (ln 1 + {;JR 
k 1 -/r/R' p 
( 8) 
where k is 0.4 by experiment and R is the pipe radius. This p 
equation does not agree very well with experimental data. 
Better agreement is obta{ried by using the assumption: 
T rx ....., T t" (f) ~ 'T w (9) 
which is only valid in the region near the wall. With this 
assumption equation (8) becomes: 
(10) 
This equation fits experimental data fairly well in the region 
O<r/R<0.85, but not as well as the von Karman equation (38). 
Neither equation gives a zero slope at the pipe center. 
Wang (48) has developed another expression for the velocity 
distribution, based on the mixing length theory. Experimental 
data is fit better by Wang's equation than by the logarithmic 
velocity profile equation; however, its complexity has made 
8 
it less useful. Another variation of the mixing length apprpach 
has been used by Gill and Scher (13) to derive a complex expres-
sion which reduces to equation 1 at NRe = 1800. Their equation 
also gives a zero slope at the pipe center, but like Wang's 
equation, it is difficult to use. 
UNIVERSAL VELOCITY PROFILE EQUATION 
The Prandtl logarithmic velocity profile equation is 
generally used as the basis for the derivation of the universal 
velocity profile (UVP) equation, which is the most popular 
expression for turbulent velocity profiles and is also called 
the "law of the wall." In region near the wall turbulent and 
laminar flow coexist (18). Assuming a distance from the wall 
.. ,. -,.·. ~~,. "l . ..,, ,. .:~ r ,.,.., 
at which only tu~b~le~t fl6w exists and a viscous (nearly 
laminar) region at the wall, the intersection of the viscous 
(laminar) profile and turbulent profile at this distance gives: 
+ + 
u = A + B ln y ( 11) 
+ - + 
where u = ufu*; y = u* y/y 
A = 5.5 and B ~ 2.5 by best fit to experimental data. The term 
y+ is a modified Reynolds number, which is a function of the 
friction velocity, u*. 
The UVP equation fits experimental velocity profile data 
near the wall in the fully turbulent region. Ross (38) has 
recommended that it be used only for y/R<O.lS and for y+>20. 
It does not account for the so called "wake" region near the 
9 
center of the pipe. This was shown by the data 0f Bogue (4), 
Nikuradse (26), Deissler (7), Hershey (15), Bunch (5), and 
Tao (45). 
Local velocities measur~d by Deissler (7) for the flow of 
air in a smooth circular tube were fit better by the UVP equa-
tion, equation 11, when the value of A was set at 3.8 and B 
at 2.78. Actually. Deissler's data differ very little from the 
Nikuradse data when directly compared. 
IMPROVEMENTS IN THE UNIVERSAL VELOCITY PROFILE EQUA TION 
The main problem in describing the velocity profile is the 
existence of the laminar, transition and turbulent regions and 
the difficulty in representing them by just one equation. Aware 
of this fact, Deissler proposed an empirical expression for use 
in the region near the wall. In this region he neglected the 
effect of the kinematic viscosity and found that this does not 
introduce serious error since the effect of this physical 
property is slight. His equation, given in reference (18), has 
the advantage that it represents in a single curve the profile 
for the laminar and transition regions, but is too long to 
reproduce here. 
Another form of the UVP equation has been established by 
Millikan, Reichardt and Hinze (17), and Bogue and Metzner (4), 
to improve that equation. Their equation is of the form: 
+ + 
u - C = A + B log y {12) 
10 
This equation only differs in the value of the constants A 
and B recommended and in the variable correction term C, which 
is a function of y/R for Millikan, Reichardt, and Hinze and 
a function of the friction factor as well as y/R for Bogue 
and Hetzner. The term C forces a better fit to the data in the 
wake region at the pipe center. 
NON - NEWTONIAN TUBE FLOW 
The characterization of a fluid is accomplished by a 
study of the wall shear stress of the fluid as a function of 
the shear rate, and may be represented for laminar flow by the 
equation: 
= D~P . _. K'(SQ,.l\ 1 :n;-· - . ir (13) 
In this equation, K' and n' are rheological parameters. Equa-
tion 13, the Rabinowitsch (31) and Mooney (25) relationship, 
supposes no slip at the wall and purely viscous behavior. 
When n' equals 1, the equation represents Newtonian fluids and 
values different from unity are an indication of how far a 
fluid is from Newtonian behavior. 
Clearly, friction factors for turbulent flow of non-
Newtonian fluids cannot be obtained from the von Karman fric-
tion factor equation because a constant viscosity term cannot 
be used. Thus, modifications of the expressions for the 
Reynolds number and friction factors have been propose~of 
which the most popular is the Dodge and Metzner equation (9): 
l.l. 
· 1. ·~ t ' 1 I f = 4.0 75 log lNRe 
(n') • 
(f) 1-n' /21 
-0.40(n•) 1 • 2 ( 14) 
where N' Re = 
8U 2 p 
K'(~) gc D 
n' 
(15) 
Equation 14 reduces to the von Karman equation for turbulent 
flow when· n' equals one. Polymer solutions, soap solutions, 
and suspensions are examples of non-Newtonian fluids whose 
friction fa~tors may be represented by equation 14, if they are 
purely viscous. 
DRAG REDUCING TURBULENT TUBE FLOW 
Reduced pressure drops for the turbulent flow of polymer 
solutions compared with , the solvent at the $arne flow rate were 
: ••••• ;;;;.." , ( ;, ·~ ,l. ril " ~, .· 
observed by Toms (46) for low concentration solutions of poly-
. ' ' ~ ~ 
methyl methacrylate in rnonochlorobenzene. Pressure drop values 
as much as 50 per cent below the solvent at the same flow rate 
were noticed. 
The effect observed by Toms has been called drag reduc-
tion (39). In terms of pressure drop the following concepts 
are used: 
DRAG RATIO (15, 16): The ratio of the pressure drop for the 
solution to the observed pressure drop of the solvent at the 
same flow rate. 
FRICTION FACTOR RATIO (28, 35 1 36): The ratio of the measured 
12 
friction factor to the friction factor predicted by equation 
14, at the same Reynolds number. 
A thorough review of drag reduction has recently been made 
by Patterson, Zakin, and Rodriguez (30). 
TURBULENT VELOCITY PROFILES IN DRAG REDUCING 
POLYMER SOLUTIONS 
Most of the hypotheses which attempt to explain drag re-
duction in the turbulent flow of polymer solutions depend on 
the viscoelasticity of the polymer molecules (3, 9 1 16, 41, 49). 
Viscoelasticity has been confirmed for the more concentrated 
drag reducing solutions by the measurement of finite normal 
stress differences in the solution. Characteristic relaxation 
times calculated from molecular theory have been used to cor-
relate drag reduction with flow rate in pipe flow. References 
(9), (15), (30), (35), and (36) discuss this topic in some 
detail. Patterson (28 1 29) proposed a mechanism which demon-
strates the relative effects of viscoelasticity and viscosity 
on drag reduction, and Rodriguez, Zakin, and Patterson {36), 
through a dimensional analysis approach, determined a relation 
for the reduction of friction factor below the purely viscous 
friction factor of Dodge and Metzner, equation 14, resulting 
in a complex and more general representation of drag reduction 
in viscoelastic flow. 
Almost all the measurements of velocity profiles in drag 
reducing fluids have been made with impact tubes which measure 
13 
the fluid's velocity head. In 1957 Shaver. (43, 44) measured 
turbulent velocity profiles of solutions of carboxymethyl 
cellulose (CMC) whose non-Newtonian behavior corresponded to 
0.54<n 1 <l.O. 
- -
He plotted velocity deficiency against the dimen-
sionless group y/R. The conclusion he drew from his work was 
that the velocity profiles became steeper for rnoie pseudoplastic 
fluids. This was actually not true if his profiles ·were plotted 
as u;u versus y/R (IS), but gave that appearance since he 
max 
was plotting a velocity deficiency divided by u*, and u* de-
creased as n' decreased since the solutions became more drag 
reducing. 
Hershey (15) integrated all of Shaver's profiles to 
obtain th.e bulk. mean velo~ity iJ!l ord.er to' check · the material 
balance. The re~ult was that integrated velocity profiles 
averaged six per cent below measured flow rates. Hershey also 
concluded that the presence or absence of slip at the wall 
cannot be decided from Shaver's data. 
Bogue (3) attributed the anomalies of Shaver's profiles 
to viscoelastic effects in the dxag reducing CMC solutions. 
Bogue measured velocity profiles of water solutions of Carbopol 
and Attagel (both non-drag reducing) in two different tube 
sizes and plotted his results as velocity deficiency against 
y/R. He concluded that no appreciable differences were observed 
when his profiles we~e compared with Newtonian profiles. It 
is important to point out that for the dilute solutions in this 
discussion no difference betw~en solhtion and solvent density 
is noticeable, so that for a given solvent-solution system the -
14 
only physical properties that are changed by solute addition 
are the viscosity and the elastic modulus. 
Clapp (6) measured velocity profiles in dilute non-drag 
reducing solutions of tatbopol. They were replotted by Eissen-
berg (10) who concluded that no appreciable difference from 
Newtonian profiles could be discerned. The same conclusion 
is reached when studying Eissenberg's solid suspen s ion profiles, 
~!thou gh a , small trend to ste e per gradients is noticeable. 
Ernst (12) measured velocity profiles in drag reducing 
+ + CMC solutions, and he plotted his results as u versus In y 
+ based on wall viscosity, and found higher u values compared 
with Newtonian fluids.~ His integrated profiles, however, 
average seven per ~ent lower than his ~easuted Average velocities. 
Wells (49) measure~ velocity profiles for CMC solutions 
and guar gum solutions. He noticed the same upward shift that 
Ernst noticed plus an increase in the slope of u+ versus ln y+• 
His profiles average six per cent low when compared with measured 
flow rates. Hershey (15), plotted Well's profiles and found that 
they were more blunt when they w~re plotted as dimensionless 
velocity (u/u ) versus dimensionless position (y/R), The 
max 
bluntness of Wells' velocity profiles in comparison with New-
tonian profiles have led some investigators to explain drag 
reduction by a mechanism involving slip at the wall. However, 
as Patterson (28) points out, this observation does not neces-
sarily indicate slip at the wall. Based on zero wall velocity, 
an infinite number o£ profiles are possible. For this reason 
15 
de t e ~rti in at i on of t h e a b s en c e or pre s en c e of s 1 i p at t h e w a 11 
by *~isuring the profiles of drag reducing solutions away from 
the •*11 and comparing them with Newtonian profiles to deter-
mine ~ whether or not the former are blunter is not valid. 
The latest work to be interpreted as evidence of slip 
at the wall was done by Virk (47). He measured friction factors 
~ { 
and velocity profiles for the turbulent flow of five homologous 
polyethylene oxides with water as the solvent. The flow rates 
obtained by integration of Virk's polymer velocity profiles 
are below the corresponding measurements in water. He observed 
that Pitot tube size affected his local velocity measurements. 
The discrepancy between integrated and calibrated flow rates 
diminished with increased Pitot tube size and with decreasing 
flow rate for a ·given Pitot tube size. He therefore ~sed a 
larger Pitot tube for high flow rate measurements. 
The conclusion drawn from his data is that local velocities 
taken with impact tubes are functions of the Pitot tube size. 
the molecular weight, and the concentration of the polymer 
solution, and that blunter profiles prevail when drag reduction 
is present, which as said before motivated his slip model 
explanation. It should be noted that velocities sufficiently 
near the wall have not been taken, by Virk nor by any other 
investigator. to eliminate the uncertainty of extrapolating 
profiles to the tube wall. Virk's data are also co~sistent 
with the explanation of drag reduction based on viscoelasticity. 
Elata (11), using the viscoelastic model behavior of the 
16 
polym• r molecules, made a direct correction to the velocity 
distribution expression by taking into account the ratio, 
relaxation time I flow time (Deborah number (22 1 33)), in the 
form: 
u *211 
' In this way he obtained a new law of the wall equation: 
(16) 
where the Deborah number was obtained em pi rica lly and d. is a 
polymer characterization constant. Tl is the first mode rela-
xation time for the polymer in solution given by the Rouse 
theory. A test of this equation was accomplished by Elata by 
exte~ding it to obtain an expression for friction factor, which 
resulted in good agreement with his data for guar gum in water 
with ~ evaluated empirically at a given concentration. 
VISCOELASTIC EFFECTS ASSOCIATED WITH VELOCITY 
PROFILE MEASUREMENTS 
In the majority of the studies accomplished up to this 
time, the Pitot tube has been taken as the true velocity trans-
ducer for velocity profile experiments. In turbulent flow, . 
the expression holding for the measurement of the local velocity 
is given by: 
-2 
pu~ pi ·- ~ 
c 
( 17) 
where P. is the impabt pressure. p is the fluid density. and 
1 
uxis the local velocity of the fluid at a given position. 
However, Astarita (1) has shown, assuming no area for the 
17 
Pit o t tip and no a 1 t era t i on of the f 1 ow by the p r c sen c e of 
the Pitot tube, that the time averaged values indicated by a 
Pitot tube are given by, 
-2 
p 
p = - tr X +~ 2 ( 18) 
where -~ · is the time averaged value of the normal stress in 
X 
the direction of flow. 
The pr~ssure reading at the wall at the same axial position 
is: 
P = -(~r) = -(~r) . 
w r = R r = R ( 19) 
A differential momentum balance in the radial direction 
gtves the correct expression for the differential Pitot tube 
pressure readings as follows: 
~~~; -2 p - p = -c:T<> - ~0) - - Q-o) d lnr + ~ p w X r 6 2 (20) 
A B c 
where terms A and B correspond to the. first normal and integral 
normal stress differences, respectively, and term C is the 
velocity head component of the differential reading. For the 
turbulent flow of purely viscous fluids, equation 20 reduces 
to the usual expression for Pitot tube measurements-term C. 
Thus, terms A and B form the elastic contribution to the 
Pitot tube measurement and are functions of the radial position. 
Term A repre sents the finite normal stress c ontribution which has 
its maximum value at the tube wall and i~ zero at the center of 
the tube where term B or the integral normal stress contribution 
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is finite. On the other hand, the velocity head component, 
term c, has its maximum value at the center of the tube and 
shQuld be zero at the tube wall. 
Solving for velocity in the usual expression for Pitot 
tube readings as 
- ~2~P u = gc 
X ~ p 
( 21) 
gives values of this quantity which are masked by the normal 
stress components of equation 20. Furthermore, the signs of 
the normal stresses in this equation are negative~ so the ap-
parent values of velocity will appear lower in a velocity 
profile study ~nd the profile will be distorted, if no evalu-
ation of terms A and B is made, 
Savins (39) has proposed a method for evaluating first 
normal stress differences in laminar flow conditions using 
the deviations from expected values for Pitot tube measure-
ments. 
Astarita (1) measured velocity profiles of viscoelastic 
solutions of ETS97* in water and his integrated flow rates 
were below the flow rates measured directly. He concluded 
that the elastic effects in the central region of the tube, 
from Pitot tube measurements, are much larger than at the wall 
in contrast with the laminar flow case. 
*Dow Chemical Company 
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In conclusion. the following statements can be made based 
on the present data available for velocity profiles in the 
turbulent flow of viscoelastic drag reducing solutions: 
a) It is not possible to get an exact check of directly 
measured bulk flow rates of viscoelastic fluids with 
flow rates calculated by integration of point velocities 
measured by Pitot tube techniques. The integrated 
profiles always yield flow rates which are less than 
the true bulk flow rates for such fluids. 
b) The local velocities indicated by Pitot tube velocity 
profile measurements indicate distortions of the 
velocity distributions, because they include normal 
stress effect~ caused by the viscoelasticity of the 
solutions. 
c) Blunter profiles are observed in the Pitot tube velo-
city profile measurements in viscoelastic solutions 
compared with profiles for the Newtonian solvent, but 
this effect might be caused by the distortion mentioned 
above. 
Therefore, there is a need to develop a technique to 
measure velocity profiles in viscoelastic systems. Part of this 
investigation was a study of the use of a hot-film anemometer 
sensor for this purpose. 
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IV EXPERIMENTAL 
p -~ £' i 
The main purpose of the experimental part of the present 
investigation was the ~easurement of velocity profiles in the 
turbulent flow of drag reducing fluids with a Pitot tube and 
and a hot-film anemometer in round smooth tubes •. 
MATERIALS 
Toluene: Purity (wt % toluene) 99.5% minimum; impurities-
heptane isomers 0.5% maximum; maximum boiling range l°C 1 
including 110.6°C. Specific gravity between 0.865 and 0.873 
at 15.5°C, Nitration grade; purchased from G. s. Robins Co., 
St. Louis, MLs5ou~i. 
•·":· • .... t ., ~ 
Cyclohexane: Purity (wt % cyclohexane) 99.9% minimum; impurities 
non-volatiles, water, benzene 0.1% maximum; maximum boiling 
range U.4°C, including 80.7°Cj specific gravity 0.780-0.784 
at 15 • 5 o C • Pur c has e d f r o·m G • S • Rob ins Co • , S t • Lou i s , M i s s our i • 
Aluminium Soap: Thickener agent 1 prepared from fatty and 
organic acids plus additives. Essentially a dioleate of 
aluminium with a moisture content of 0.6% and a free fatty acid 
content of 6.1% (as oleic acid). Sample from Witco Chemical 
Company, Inc., Chicago, Illinois. 
Poly i sobutylene L-200: Enjay Hi'-! Vistanex; grade L-200; lo-~ 
B31006; code 054; visco:sity average molecular weight 4,,ooo,-ooo 
-4,700,00, distribution u.nknow:n; exact production method and 
21 
catalyst content unknown~ color, white; donated by Humble Oil 
and Refining Co., Baton Rouge, Louisiana. 
APPARATUS 
The local velocity measurements were made in a pipe flow 
unit provided with a test section with three carbon steel 
tubes, of which the one with a diameter of one inch was used. 
Reference (15) discusses in detail the variables in the design 
of the unit as well as the information concerning the construe-
tion. Figure 1 is a diagram of the unit, and the physical 











The fluid was pumped from a 100-gallon capacity reservoir 
through the test section and back into the reservoir. A Viking 
positive displacement pump, rated at 200 gallons per minute. 
was driven by a variable speed transmission which permitted 
a continuous variation of the flow rate. The flow rate was 
measured by turbine meters which produced a fluctuating voltage 
whose frequency was measured with a digital counter. Flow rates 
were measured after each set of profiles by diverting the flow 
to a weighing tank in order to establish the dependence between 
the frequency measurement and the flow rate through the test 
section. Surge volumes were located at the inlet manifold of 
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the test section to damp out disturbances, as well as in the 
pump discharge line. A by-pass line allowed the fluid to be 
pumped directly to the tank without passing it through the 
test section. 
A filter made of 250 mesh Tyler sieve of about 72 square 
inches area removed small lint and dirt particles whose presence 
had a deleterious effect on the calibration of the hot-film 
anemometer by collecting on the heat transfer surface. 
A sensitive temperature contol system was used, which 
held the temperature of the fluid within + 0.02°C as required 
-
. by the low overheat hot-film anemometer measurements. The 
operating temperature was set with a thermoregulator. A complete 
description of the. system was given by Hershey (15, 16). 
The tube pressure drops and velocity profiles with the 
impact tube were measured with two manometers (Fig. 2) • which 
are described in detail in Reference (15). They were as follows: 
a) A mercury U-tube manometer with fluid traps, 9 feet high. 
b) An inverted U-tube manometer with process fluid as the 
indicator, 9 feet high. 
These manometers were connected to an air regulator to control 
the position of the air-liquid interface. By selecting the 
proper valves on a valve table, the appropriate manometer was 
valved-in. The total pressure drop in the test section was 
read on one of the two manometers connected to the ~aps of the 
test section or impact tube by nylon tubing. 
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PITOT TUBE ASSEMBLY 
A special impact probe was d~signed by Patterson (28) with 
an outside diameter of 0.036 inches at its tip. The tip was 
connected to the support tube by threads sealed with teflon. 
This Pitot tube was assembled in a probe mount designed by 
Hershey (15). Figures 3 and 4 show the Pitot tube and the probe 
mount for the one-inch tube test section. Nylon mounting 
bushings were used for the probe, which was installed in a 
one-inch machined cross with a one-inch inside diameter, provi-
ding a smooth wall behind the probe tip which minimized flow 
disturbances propagated upstream toward the probe tip. 
The use of an electrical resistance method, using an 
ohmmeter allowed radial location of the impact tube by touching 
the wall to close a circuit. This established the reference 
position with an accuracy of ! 0.0005 inches. The probe was 
not allowed to contact the wall during measurements, so the 
reference wall positi on was only approached. The reference 
position was checked periodically after each profile measurement. 
CONSTANT TEMPERATURE ANEMOMETER 
Appendix I discusses briefly some theoretical aspects of 
anemometry and points out the principal characteristics of the 
method used. 
The constant temperature anemometer used was a model 
SSAOl, manufactured by DISA Electronik, Herlev, Denmark. The 
detailed specifications are shown in the DISA instruction 
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FIGURE 2. PHOTOGRAPH OF THE MANOMETERS 
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FIGURE 3. DIAGRAM OF THE PITOT TUBE 
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FIGURE 4. DIAGRAM OF THE PROBE MOUNT 
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manual (8). The major items are as follows: 
Frequency response: 
Probe resistance range: 





approximately 8 ma/mv at 
125 rna current output. 
Cold resistance measurement 
accuracy: 
Direct current voltmeter: 
Scales: 
o.s% 
1% of full scale accuracy 
0-2, 0-5, 0-10, 0-20 volts with 
zero shift voltages of 1, 2 1 
s, and 10 volts. 
The anemometer was equipped with a three decade balance 
resistor for measuring cold resistances to the nearest 0.01 
ohm and for setting probe operating resistances. 
Because of the importance of obtaining accurate values of 
DC voltages during the measurements, two additional pieces of 
equipment were used: 
a) Time-Average Circuit: This part of the anemometer set-up 
was used in measuring the velocity profiles of the soap solution 
because of the large low frequency voltage fluctuations in the 
anemometer output. The instrument was basically an operational 
amplifier circuit whcise input was the voltage from the hot-film 
manometer and whose output was a lag response with a gain of one 
indicated by a Dig1tec digital voltmeter. The circuit time 
constant was about thre~ seconds. 
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b) Digital DC Voltmeter: This instrument was used for measuring 
DC voltages for velocity profiles in cyclohexane and in poly-
isobutylene solutions. In these fluids the low frequency 
voltage fluctuations were of lower intensity than in the soap 
solutions, so the time averaging circuit was not necessary. The 
digital DC voltmeter was a ~odel 55D30 manufactured by DISA 
Electronik, Herlev, Denmark, with ranges of 1, 10, and 100 volts, 
and a readout of 4 digits with automatic decimal point. Other 




+ 0.3% of range in use 
1 megohm 
The hot-film probe used was manufactured by Thermo-Systems 
Inc., Saint Paul, Minnesota, Model 1212-60. 
film and general shape are shown in Fig. 5. 
Dimensions of the 
This is a quartz 
coated hot-film cylindrical sensor with needle supports. 
other characteristics are as follows: 
Some 
Relative frequency response:· 15,000 cps at -3db, typical. 
Sensor size: 0.006 inches dia. x 0.010 
inches long. 
Operating temperature: up to 150°C. 
The hot-film anemometer was installed in the tube test 
section using the same probe mount (Fig. 4) as was used in the 
impact tube measurements. 











































































The procedure used to take velocity profiles with impact 
tubes in the tube test section described was reported by 
Hershey (IS). Only the principal steps will be given here, as 
well as a . short description of the measurements of velocity 
profiles with the .hot-film anemometer. Sample calculations 
are shown in Appendix II. 
The preparation of the solutions was accomplished by using 
a Pyrex vessel equipped with a low speed air driven stirrer. 
These stock solutions were then mixed in adequate a mounts to 
obtain the desired concentration in the flow system. The 
solutions were pumped for about two hours at low flow rates to 
disperse the concentrated solution uniformly in the solvent 
or solution already present in the system and to reach lower 
degradation rate conditions before making the measure ments. 
A flushing fluid was introduced in the unit between the 
measurements of velocity profiles for the soap solution and for 
. the polymer solutions. 
PITOT TUBE VELOCITY PROFILE MEASUREMENTS 
In making the local velocity head pressure readings, the 
desired flow rate was established and the control tempera ture 
obtained. The wall position was obtained as described above with 
an ohmmeter. The ttplay" developed by the micrometer positioner 
as a consequence of wear was avoided by advancing the probe 
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only in the direction of the wall opposite to the support 
mechanism. Once the desired position vlithin the tube was 
established, the proper manometer was valved-in and when 
equilibrium pressure was observed the reading was recorded 
after checking the temperature and the flow rate, The Pitot 
tube was then moved to a new position and the procedure re-
peated. 
Frictional pressure drops, for determination of drag 
ratios, were measured after each profile. The flow rate was 
measured for each profile using the weigh tank described above. 
HOT-FILM ANEMOMETER VELOCITY PROFILE MEASUREMENTS 
The first step in the measurements with the hot-film 
anemometer was the location of the cylindrical film within the 
tube in order to establish the desired radial position of the 
probe during voltage readings. Thus, a position near the wall 
was determined using an optical technique with the aid of a 
telescope and a strong light source. The telescope was provided 
with a reticle scale so that the distance between the cylin-
drical film and its reflection on the smooth tube surface could 
be observed clearly. The micrometer positioner was moved so that 
the distance between the film and its reflection was reduced to 
one-half the original distance. The distance moved was one-half 
the original probe wall separation, so the true rad~al position 
could be obtained with an accuracy of + 0.001". 
In order to measure the velocity profile, the relation be-
tween the fluid velocity and the · hot-film anemometer volt ag e must 
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established. Therefore, measurements of probe voltages at 
different flow rates were made at the tube axis, where the 
average velocity could be determined by methods described in 
the discussion of results. These values provided the neces-
sary data to establish the calibration curve by determining 
the best least squares fit to the equation: 
2 - c E = A + B(u) , 
from which values of velocities could be determined by solving 
for u. 
Calibration measurements were made before and after each 
profile in order to check consistency. 
After locating radial probe positions, the probe resis-
tance was established at fluid temperature and the desired 
operating resistance determined for a temperature well below 
the fluid boiling point. As far as the fluid heat transfer 
characteristics allowed, the operating resistance was kept 
at values greatei than 1.05 times the cold resistance, since 
at these levels the small changes in temperature C! 0.02°C), 
of the process fluid during velocity profile measurements did 
not influence the voltage readings. 
The hot-film anemometer radial sc~nning was accomplished 
in the same way as with the Pitot tube, to determine local 
voltages and consequently local velocities. Careful fluid 
temperature control was necessary to obtain reliabie experi-
.mental values. Checks of probe resistances at the fluid 
temperature were made after each set of profiles as well as 
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voltage readings at zero velocity. Pressure drops through the 
test section were measured after each profile to determine 
values of friction factors. 
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V DATA AND RESULTS 
Since this investigation involved the measurement of 
velocity profiles with two different types of sensors, this 
section will treat the Pitot tube and the hot-film anemometer 
data separately. 
PITOT TUBE VELOCITY PROFILES 
A total of 20 profiles with the impact tube were taken, 
which are reported in Appendix III, Runs 1-20. Figures 6 - 15 
show the velocity profiles for the solvent and solutions. The 
von Karman velocity distributions for the same solvent Reynolds 
numbers are shmoJn as solid lines for comparison. The profiles 
are plotted as (fi/UAVGC) versus (y/R), where~ is the local 
velocity and UAVGC is the average velocity measured by weighing. 
The latter has been chosen to normalize the local velocities 
becaus~ it does not mask effects that occur in some measure-
ments in regions ~lose to the tube axis. 
Table I reports drag ratio values of the solutions--1.0 
per cent aluminium dioleate in toluene, and 0.2 and 0.4 per cent 
PIB L-200 in cyclohexane. These values are calculated as the 
ratio of the friction factor of the solution to the friction 
factor of the solvent at the same flow rate, assuming negligible 
change in density upon addition of the solute. 
TOLUENE-ALUMINIUM DIOLEATE SYSTEM 
Figures 6-9 show Pitot tube velocity profiles for toluene 
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FLOW RATE DISCREPANCIES IN VELOCITY PROFILES 


















Solvent Reynolds number. 
Solute: Al-Dioleate. 








Average bulk velocity obtained from cali-
bration. 
Average bulk velocity obtained from inte-
gration of the velocity profile. 
Deviation of the average bulk velocity 
obtained by integration of the velocity 
profile from the average bulk velocity 
by weighing (calibration). 
TARLF I 
FLOW RATE OTSCRFDANCIFS "IN VELOCITY PROFILFS 
RUN N Re.C.$} SOL UT F SOLVENT CONC. O.R. SENSOR 
l 5H000 0 A o.o 1.000 X 
2 1 0'~000 0 1\ o.n 1.000 X 
3 14<1,000 c I\ o.o 1.000 X 
4 lQlOOO 0 fl. o.o 1. 000 X 
5 ??1000 0 A o.o 1.000 X 
0 1 01+000 ] II 1.0 0.715 X 
7 148000 1. A l. fJ 0.'16A X 
B 185000 1 I\ J..O 0.'539 X 
q ? 2 1+000 1 A l.O 0. 5 06 X 
1.0 41000 0 R o.o 1.000 X 
ll 63000 0 R o.o l. 000 X 
12 83000 0 f\ o.o 1 • 0 00. X 
13 1 03000 0 R 0.0 1.000 X 


































FLfl\.J R ,.~TE OISCREPI\NCIES fN VELO~ITY PROFILES 
RUN f\j 
. ~~(~) SOLlJTF SOLVENT CO NC. fi.R. SENSOR 
l'i 41000 ?_ R o.~ 0.943 X 
16 f>""J,O OO ? R o.~ 0.760 X 
17 83000 7 R 0.:( 0.7?.5 X 
l~ 83000 ? P, 0 • It 0.757 X 
1() 41000 2 8 0.4 0.942 X 
~0 63000 ?. R 0. ft o.7AO X 
21 104000 1 A J..() 0.6q5 v 
22 1'51000 1 A 1. 0 0.'578 y 
2'3 41000 0 B o.o 1 • 0 00 y 
?4 61000 r R o.o l.OOO y 
?') 8~000 0 R o.o l. 000 y 
<A 41000 '2 R ().? 0.91+3. y 
?.7 61000 ? R ().? 0.760 y 





12.31 8 .21 
6.01 4.86 
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FLOW R/ITE DISCREri\NCTI:S "I N VFLOCTTY PROFILES 
RUN N Rec.~) SOLUTE SOLVFNT CON!,. o.R. SENSfJR U!l.VC U/\VI DEVIATION(%) 
2G 41000 ? R 0 • I~ 1).91~? y 6.01 5.83 -3. 1 
30 AlOOO 2 R 0. 't- 0.7 6 0 y Q.03 8.<)1 -1.3 
11 A3000 2 R 0 • It 0.759 y 12.31 12.56 2.1 
. t\VFRI\GF. AD,SQLUTF IJ EVTATION ON Nflt\1-0RI\G RFDIJCING FUJIDS( *) =24.?./13= 1.9 
1\VER/\Gf ARSnUJTf O E VTATIO ~'~J ON . ORAG REDUCING FLUIDS (HOT-FILM SENSOR) =15.5/8= 2.0 




and for the 1.0 per cent aluminium dioleate solution at dif~ 
ferent flow rates in a one-inch tube. In each figure, the 
measured flow rates for the solvent and for the solution are 
about the same. The measured velocity profiles for the solvent 
are in good agreement with the von Karman r eference lines for 
the same Reynolds number. 
Solution profiles are almost parallel to the solvent 
profiles, even in regions close to the wall where steeper 
velocity gradients are present compared with those near the 
tube axis. However, the local velocities obtained for the 
solution are always lower than those for the solvent, and the 
integrated velocity profiles yield lower values in the solution 
than in the solvent. Good agreements between integrated profile! 
and measured flow rates were obtained for the solvent (Table I). 
The a v e r age deviation was about 1.4 per cent. 
At the four Reynolds numbers studied the solution exhibited 
drag reduction with drag ratios between 0.715 and 0.506. The 
low values of the solution velocity profiles are the result of 
the presence of normal stress differences in the viscoelastic 
drag reducing solution (1). The elastic contribution, as dis-
cussed before, decreases the observed differential pressure 
reading since its sign is negative. Also, the elastic contri~ 
bution varies with radius differently with different flow rates. 
No correction was applied in the calculation ~f local 
velocities from the Pitot tube data for soap solutions, and as 
described in the experimental procedure only one Pitot tube size 
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was used. The apparerit lack of correlation of the flow rate 
discrepancies reported in Table I could be explained by the 
notion of an "optimum" Pitot tube size for drag reducing fluids 
as advanced by Virk (47). Virk's results seemed to indicate 
that the flow rate discrepancy was reduced at lower flow rates 
and with larger Pitot tubes. His results are based on center-
line velocity comparisons, however, which might be invalid for 
the polymer solutions if their profiles were steeper as are 
some in this investigation. It does not appear that enough data 
are availableto suppo~t explanation of the behavior of the flow 
rate discrepancies. 
CYCLOHEXANE - POLYISOBUTYLENE L-200 SYSTEM 
Velocity profiles in the PIB L-200 in cyclohexane solutions 
were measured at two concentration levels, 0.2 and 0.4 per cen~ 
in Runs 15 through 20 shown in Figures 10 through 15. 
F or t hi s s y s t em t1h e s h apes of the v e 1 o city p r o f i 1 e s for the 
solutions show slightly blunter profiles than do the solvent. 
The solution profiles are much lower than normal. The dif-
ference in shapes is almost negligible at the lowest solvent 
Reynolds number of 41,000 and increases slightly with increasing 
flo,., rate. Even blunter solution profiles can be observed in th( 
more concentrated solution (Figures 13-15). From y/R = 0.05 to 
0.10 the solution velocity gradient is greater than for the 
solvent. This effect could be caused by measurement error 
introduced by the negative contribution of the first normal 
stress difference, whose value is greater near the wall. 
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In the 0.2 per cent solution the drag ratio decreases 
with increasing flow rate, ranging between values of 0.923 and 
0.725. Values of (u/UAVGC) also have the same trend and the 
lack of correlation with flow rate observed in the aluminium 
dioleate solution is not noticeable. The "optimum" flo''~ rate 
for the particular Pitot tube size used was probably not 
approached in these solutions. 
The 0.4 per cent solution showed the same Pitot tube 
effects as the 0.2 percent solution, although these effects 
were more pronounced. The drag ratio values were about the same 
for the two solutions at each. flow rate level. Because of its 
greater viscoelasticity, flow rate discrepancies were greater 
in the more concentrated solution. It is important to point out 
that these concentrated solutions exhibited non-Newtonian 
characteristics (35). 
The critical or optimum drag reducing concentration at 
which the drag ratio for the PIB-cycl.ohexane system is minimum 
at constant flow rate (in the range studied here), seems to 
be located between 0.2 and 0.4 per cent PIB L-200. As a result, 
the addition of polymer to the 0.2 per cent solution to produce 
a 0.4 per cent solution did not affect the pressure drop at 
the same flow rate, although effects such as blunter profiles 
and greater flow rate discrepancies, representing elastic 
effects, were noticeable in the 0.4 per cent solution. · This is 
a result of the increase in viscosity which limited the drag 
reduction as discrissed by Hershey (15), Rodriguez (35), Patterson 
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(28), Patterson and . Zakin (29), and Rodriguez, Zakin, and 
Patterson (36). 
OVER-ALL PICTURE OF THE PITOT TUBE VELOCITY PROFILE 
NEASUREMENTS 
Local velocities of two viscoelastic drag r~ducing systems, 
a soap and a polymer solution, were measured in the turbulent 
flow region in pipe flow. The shape of the velocity profiles of 
the solutions and the solvents were only slightly different even 
for the case of the more non-Newtonian 0.4 per cent PIB L-200 
in cyclohexane solution, the major effect being low measured 
velocities entirely across each profile. 
For the Pit o t tub e v e 1 o c i t y prof i 1 e ·me as u rem en t s in the 
soap solution, a lack of correlation of flow rate discrepancy 
with flow rate, and hence with drag ratio, indicated that the 
"optimum" Pitot tube size of Virk (47) might have some validity. 
The absense of this effect for the PIB-cyclohexane solutions 
indicatedthat size effects may be different for each system. 
Much more investigation will be required to Clarify this 
point. 
These observations confirm the inadequacy of Pitot tubes 
for velocity profile measurements in viscoelastic drag reducing 
solutions and also point to size effects in the use of Pitot tub 
sensors as indicators of normal stress differences in laminar 
flow as suggested by Savins (40). Th~oretically, if local 
velocities for laminar flow of viscoelastic fluids were known, 
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one co~ld compare these values with Pitot tube measurements, 
and the difference obtained at the same radial position for a 
given flow rate would give a quantitative indication of the 
normal stress contribution. But if Pitot tube size has an 
effect on the Pitot tube output, values of the normal stresses 
obtained as described before would be a function of the Pitot 
tube size. 
The drag ratio decreases with flow rate for the soap and 
polymer systems. It was noticed that lower drag ratios were 
obtained in the soap system even though less bluntness was 
observed in the profiles as well as less pronounced flow rate 
discrepancies. Thus, no simple relation is apparent to des-
. 
cribe the behavior of the soap and the polymer solutions; 
probably because the mechanism governing drag reduction in the 
polymer system is different from the soap system. It is impor-
tant io point out that turbulence intensities in these two 
systems measured by Rodriguez (37) at similar flow rates aro 
also different. 
HOT- F I U1 ANEMOl..fETER VELOCITY PROFILES 
Exploratory measurements of velocity profiles in visco-
elastic drag reducing fluids with a hot-film anemometer were 
made. The same two systems, at the same flow rate levels 
studied with the Pitot.tube, were used. Runs 21 through 31* and 
figures 16 through 23 represent these profiles. Each figure 
*Append1x III 
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contains the von Karman reference velocity profile line at the 
solvent Reynolds number, the solution hot-film anemometer 
velocity profile, and the solvent velocity profile. 
TOLUENE-ALUMINIUM DIOLEATE SYSTEM 
Figures 16 and 17 represent the profiles for the 1.0 per 
cent aluminium dioleate in toluene solution in which solvent 
velocities were measured with the Pitot tube sensor and the 
solution velocities with the hot-film sensor. Because of the 
non-Newtonianism of the solution~ knowledge of the variation 
of the viscosity with flow rate was necessary in order to 
establish a suitable correlation of center velocities with hot~ 
film anemometer voltages. The apparent wall viscosity was 
used to calculate the Reynolds number to obtain approximate 
values of (u/UAVGC) • The flow curve for the flow rate range 
c 
studie~ was obtained from measurements made by Radin (32). 
The following procedure was used to determine approximate 
values of viscosity at the desired flow rate: 
a) The wall shear stress was calculated from pressure 
drop measurements. 
b) The wall shear stress was divided by the corresponding 
wall shear rate (from the viscometer flow curve) to 
obtain the apparent wall viscosity. 
The second step to obtain the calibration curve was the 
choice of an appropriate equation relating center tube vela-
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data presented in a plot of (u /U) versus N in Reference (li). 
c Re 
These data have a linear form in the Reynolds number range 




= ptl4.81 + 0.92 log(FR/~)) (22) 
where FR is flow rate in pounds per minute, p is density in 
g Icc , an d P' is the vi s co s i t y in c en t i p o is e s • As s e en from the 
equation, which is only valid for one inch diameter tubes, there 
is a weak dependence of center velocity on viscosity. 
Using this relation with anemometer voltages measured at 
the tube axis for various flow rates, a least square-best-fit-
equation for u versus E was determined (see Appendix I). The 
equation used was a function of the specific fluid and was 
. 
different for each profile. 
There was no sharp difference as seen in Figures 16 and 17, 
between the velocity profile shapes for the solution and for 
the solvent. Local velocities were greater in the solution, 
with the exception of the closest points to the wall. Since thi~ 
type of sensor responds only to velocity effects on heat transfe1 
(which have been directly calibrated), normal stress differences 
should not influence the measurement. 
Table I shows the comparison of the average velocities 
from the anemometer measurements and flow rate measurements 
obtained by weighing. Fairly good agreements were obtained. 
In this system. a small but consist ent drift in the cali-
bration curve was observed by comparing the center line anemomet~ 
vo'ltages before and after the profile. For this reason correcti< 
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factors for local voltages were applied before calculating 
local velocities. The drag ratio levels were about the same 
as in the corresponding Pitot tube measurements, and no appre-
ciable degradation of the solution was noticed. 
CYCLOHEXANE-POLYISOBUTYLENE L-200 SYSTEM 
The same two concentrations of PIB L-200 in cyclohexane 
as in the Pitot tube measurements (0.2 and 0.4 per cent) were 
used for hot-film anemometer velocity profile measurements. 
Figures 18 through 23 show these profiles. 
The local velocities measured with the hot-film anemometer 
in the solvent are about the same and depict similar profiles 
if compared with Pitot tube profiles. · Also, von Karman reference 
lines agree fairly well with the experimental velocity values, 
and average velocity checks for these velocity profiles are 
withi~ experimental error • 
The calculation of center velocities for calibration curves 
followed the same method outlined for the soap solution with 
the exception . that . flow curves for the solutions were not 
available, so approximate viscosities were used (see Appendix 
III, Table IV). The checks of center voltages for calibration 
curves were also made for this system, and if some drift was 
noticed appropriate corrections were made. 
The 0.2 per cent solution measurements with the hot-film 
were made before the Pitot tube measurements. Great difficulty 
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was fresh. At that time, the voltage dependence on velocity 
was confounded by anomalous voltage changes. Only after a 
considerable pumping time, did voltages remain reasonably 
stable and were average velocity checks obtained. 
At the lowest flow rate used for the 0.2 per cent solution, 
there was a marked change in slope of the velocity profile, as 
observed in Figure 18, and steeper velocity gradients near 
the center region are present if compared with solvent velocity 
gradients. At the intermediate and high flow rates the behavior 
of the profiles close to the center region is similar to the 
solvent profiles. Also, lower local velocities are present 
close to the wall, and their value decreases as flow rate in-
creases; which is equivalent to an increase of the viscous 
boundary layer thickness with increasing flow rate (see Figure 
2 4) • In general, at the flow rates used, local velocities in 
the solution are higher than solvent velocities in regions 
close to the wall (y/R ~ 0 .1), as wel·l as in regions close to 
the center (y/R ~ 0.6)Jwith lower intermediate values. 
A graphical procedure for determination of the local velo-
cities on the basis of local voltage measurements was devised 
for the_ 0.4 per cent solution, since the least square best-
fit-equations from calibration curves gave erroneous values 
for center velocities. A plot of center voltages and center 
velocities was drawn on a large scale graph. From this cali-
bration curve, values of local velocities were obtained from 
local voltage measurements. 
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The behavior of the velocity profiles in this solution 
was quite different from the 0.2 per cent solution. Steeper 
profiles were present giving high tube center velocities for 
a given bulk mean velocity. Because of this effect the (u /U) 
c 
correlation used previously for calibration of the anemometer 
was no longer valid. Its use. however, to calculate the velo-
city profiles showed that they were about 12 per cent low at 
all three velocities, so appropriate corrections in (u /U) 
c 
values were made in the final calculations. 
The high center tube velocities could be caused to a small 
extent by a Reynolds number effect. since the solution Reynolds 
numbers were lower than for the solvent. The main explanation 
furthe high center velocities and high velocity gradients in 
the drag reducing PIB L-200 solutions, however, must be the 
viscoelastic effects of the solute (not to be confused with the 
apparent effects on velocity profile caused by normal stresses 
when Pitot tubes are used for measur~rnent). 
Velocity profile measurements in viscoelastic polymer 
solutions with the cylindrical hot-film anemometer were made 
somewhat difficult by the great decrease in heat transfer rate 
from the hot-film in the solutions as compared to the solvents. 
This caused voltage variations with velocity to be much smaller 
than desirable. The same effect was discussed by Marrucci and 
Astarita (20), and Lindgren and Chao (19). Heat transfer rate 
reduction is greater than drag reduction at the same flow rate 
for viscoelastic fluids. 
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OVER-ALL PICTURE OF THE HOT-FILM ANE~IOHETER 
MEAS URE~iENTS 
A clear difference in the velocity profile shapes for the 
soap and polymer systems is present. The soap profiles have 
shapes similar to solvent profiles and at the two flow rates 
used, solution profiles in this system are slightly blunter. 
On the contrary for the polymer system the profiles are in 
general steeper than solvent profiles. There is no clear rela-
tion between the shapes of the profiles for the non-polymer and 
polymer systems. 
Good average velocity checks were obtained in all the 
measurements with the hot-film sensor, which indicates that 
velocity measurements by this technique are reliable. 
· 1 h 1 ( u+ 1 +) F1gure 24 s ows a law oft e wall pot versus og y 
obtained from hot-film anemometer measurements. The vi~cosity 
at the wall was evaluated using ~hear stress-shear rate data 
from capillary viscometer measurements made by Radin (32) for 
the aluminium dioleate solution, and made by Rodriguez (35) 
for the cyclohexane-PIB L-200 solutions. Even though the 
solutions used by Rodriguez were made-up at different times 
from those used in this investigation, his data was used to draw 
the flow curve in order to obtain an approximate value of the 
wall viscosity of the solution. The function plotted was a 
logarithmic function and small . changes in the value of the 
+ 
viscosity at wall conditions affected the value of log y very 
little,so a good approximate comparison of the data was obtained 
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The reference line for Newtonian fluids obtained from 
equation 11 was compared in Figure 24 with the hot-film ane-
mometer velocity profiles of cyclohexane and with the polymer 
and soap systems at the highest Reynolds numbers. Cyclohexane 
points fit the reference line fairly well. In the drag redu-
cing poly~er solution profiles the thickness .of the boundary 
layer is seen to be greater than for Newtonian fluids, and 
the profile · points are located well above the Newtonian ref-
erence line. Wells (49) observed the same behavior for his 
viscoelastic solution profiles of J-2P and CMC-70 in water, 
even though his profiles were an average of 6 per cent low. 
Since his measurements were obtained by impact tube techniques 
. + 
which were affected by normal stress differences, the true u 
values for his solutions must be even higher at the same flow 
rate. Ernst (12) also obtained this result in 0.05 per cent 
CMC solutions. + The u values for the 0.2 per cent PIB L-200 
solution and for the Al-dioleate solu~ion were much greater 
than the Newtonian reference line because the wall shear stres-
ses were much lower than normal, giving low u* values. 
Although the flow rates for the velocity profiles of the 
+ 0.2 and 0.4 per cent polymer solutions were alike, higher u 
values for given y+ values were observed in the 0.4 per cent 
solution. This effect was primarily a result of the higher 
viscosity in the 0.4 per cent solution, causing lower values 
of y+ at given pipe locations. 
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The u+ - y+ behavior of the Al - dioleate solution was 
not the same as for the polymer solutions. Thicker boundary 
layers do not seem to be indicated, but the transition from 
turbulent to viscous regi ons is different from the transition 
for solvents and polymer s olutions. More data will be neces-




a) There are discrepancies between flow rates evaluated 
from calibration and flow rates evaluated from integra-
tion of local velocities measured with the Pitot tube 
in viscoelastic drag reducing fluids. These. discrepan-
cies are caused by normal stress differences and are a 
function of the following factors: 
1) drag reducing level 
2) concentration of the additive in the viscoelastic 
solution 
3) Pitot tube size 
4) Reynolds number 
b) Flow rates obtained by integration of hot-film velocity 
profiles have indicated that correct values of local 
velocities in viscoelastic drag reducing fluids can be 
obtained by that method. The measured values were not 
affected by normal stress differences. 
Table II shows discrepancie~ in flow rates for velocity 
profile measurements in this study compared with those 
of other investigators. 
c) Hot-film anemometer velocity measurements indicate that 
an increase of the boundary layer thickness is present 
in the turbulent flow of drag reducing polymer solutions, 
but the soap solutions showed a different type of transi-
tion region which was difficult to interpret. 
TABLE II 
COMPARISON OF DISCREPANCIES IN FLOW RATES FOR 































16.7 -16. 7 
* Algebraic sums ·of deviations from measured flow rates 
divided by number of profiles ~easured in viscoelas-
tic solutions. 
** Measurements with Pitot tube and hot-film anemometer 
on non-drag reducing fluids. 
*** Measurements with hot-film anemometer on viscoelas-
tic drag reducing solutions. 
**** Measurements with Pitot tube on viscoelastic drag 
reducing fluids. 
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d) The drag reducing soap solution showed only slight flat-
tening of the velocity profile5 in the central region 
of the tube. 
e) The drag reducing PIB L-200 solutions showed steeper 
velocity profiles in the central region of the tube which 
became steeper both with flow rate and with polymer concen-
tration. 
f) The differences in soap solution and polymer solution 
velocity profile behavior and the differences in turbu-
lence intensity behavior observed by another investigator 
suggest that different mechanisms, or at least different 
modes, of drag reduction are occurring. 
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VII REC0M}1ENDATIONS 
It is recommended that simul ~ aneous measurements of 
local velocities in drag reducing viscoelastic fluids with 
Pitot tube and anemometer techniques be obtained in turbulent 
flow, sin~e drag reduction is a time dependent effect. 
It is recommended that other geometric shapes of ane-
mometer sensors (i.e. hot-wires) be tested, in order to deter-
mine the effect of size and configuration of these sensors 
on local velocity measurements. 
It is recommended that measurements of velocity profiles 
in viscoelastic drag reducing· solutions in a wide range of 
Pitot tube sizes be made, in order to analyze the effect of 






The measurement of the velocity of a fluid by anemometry 
techniques is based on the variation of the heat transfer rate 
from a hot surface with fluid velocity. The total heat transfer 
rate is also a function of the temperature difference between 
the hot surface and the bulk fluid as well as being dependent 
on the p~ysical properties of the fluid and the surface (film, 
wire, or other geometric type). 
The hot-film anemometer sensor characteristics are deter-
mined by its material, shape and length. Its heat losses, 
when immersed in a fluid, consist of contributions of radiation, 
in parallel with natural and forced convection and conduction 
through the fluid layer close to the hot film surface in series 
with c~nvective heat transfer. 
Several equations are found in the literature correlating 
heat transfer variables as a function of fluid velocitr (17). 
Their ~se is limited by the type of fluid used and Reynolds 
number range involved. 
For experimental use an equation can be written in terms of 
the variables governing the el~ctric heating and the convection 
cooling of the sensor as follows: 
(lA) 
where I is the heating current, R is the operating resistance 
of the sensor, R0 is the resistance of the sensor at fluid 
temperature A,B and n are constants 
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This equation may be written also as: 
(2A) 
where E is the voltage impressed on the sensor. When the 
exponent n in equation (lA) equals o.s~the expre~sion is called 
King's law (17). 
Expression 2A is a suitable correlation to fit experi-
mental data when velocity profile measurements are to be made, 
although this expression does not usually fit an entire cali-
bration curve. A lea~t-square-best-fit procedure must be used 
to obtain the constants A', B' and n. 
Basically two modes of operation are used in anemometry--
the constant current and the constant temperature modes. Refer-
ence 17 discusses the approach to the constant current mode. 
The constant temperature mode, used in these experiments, 








the bridge current is varied with fluid velocity to obtain 
an ade~uate heat balance on the sensor. The purpose of the 
bridge unbalance amplifier, used to control a feedback ampli-
fier which varies the bridge current, is to achieve high 
frequency response for turbulence measurements. 
REASON FOR THE USE OF HOT-FILM ANEHOr-tETER. 
The primary reason for the use of the hot-film anemometer 
for velocity profile measurements in drag reducing solutions 
is its insensitivity to normal stress differences. As indi-
cated in the literature review, the use of Pitot tubes will not 
yield accurate profile~ in solutions with high normal stress 
differences in shear. 
Figure 25 shows a typical calibration curve taken in the 
0.2% polyisobutylene solution in cyclohexane (Run 28). Table 
III shows the values of voltage obtained at the tube axis, mass 
flow rate, and estimated axial velocity. As discussed before 
center velocities were calculated from equation 22. The best 
fit from a regression analysis is given for this run by the 
equation: 
u -~2 ; ~)/C ( 1 B) 
1>1h ere A = 155.464 
B = 74.320 
c ·= 0.500 
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DATA FOR LEAST SQUARE BEST FIT CALIBRATION CURVE 
CENTER VOLTAGES FLOW RATE CENTER VELOCITY* 
(volts ) (#/min . ) (ft Is ec) 
18.30 73.48 5.77 
18.86 95.00 7.42 
19.97 136.40 10.57 
20.40 156.50 12.09 
20.74 175.60 13.52 
21.05 196.00 15.01 
21.30 215.00 16.48 
21.75 232.00 17. 79 




The majority of tbe calculations of the present investi-
gation were done on an IBM 360-50 computer. The regression 
analysis programs used for the calibrationcurves ~f the anemo-
meter-measurements were WTitten by Dr. H. c. Hershey and Dr. 
G. K. Patterson. The other programs were written by the author. 
An example of the evaluation of the variables studied 
follows. 
For measurements in the one inch tube test section the 
following experimental values were recorded: 
Pltot Tube Measurements 
Fluid: Ctclohexane 
Run number: 12 
Flow rate: 195.4 #/min 
Fluid temperature: 25.0°C 
" 
-
Length of the one inch test section: 200.0 inches (be-
tween taps) 
Fluid density: 0.7749 gr/cc (Appendix III, Table IV) 
Fluid viscosity: 0.8892 cp (Appendix III, Table IV) 
Total pressure drop: 434~9 lb/ft 2 
Impact pressure_head at y = 0.5 inches (axis) = 1.178psi 
1) Average Velocity from Flow Rate Measurements 
u = Q 
A = (1/min) x (minkecl x (ft 3 /lb) = ft/sec 
ft 2 
= (195.4}(1/60)(1/0.7749 x 62.43} = 12 • 345 ft/sec 
.!. X (L)2 4 .12 . 
2) Solvent Reynolds Number: 
3 NRe = ~ = (lb-m/ft ) (ft/secl (ft) = dimensionless 
.J.L (lb-m/ft x s e'e) 
= ·(0.7749x62.43)(12.345)(1/12) = 83000 
(0.8892x6.72xl0- 4) 
3) Fan~ing Friction Factor: 
f = D6P/4L = (ft) lb /(ft) = dimensionless ftxsec 2 
pU 12 (lb/ft 3)(ft~e~ 2 
= (l/12)(434.9x32.174)/(4x200/12) = 0.00474 
(0.77~9x62.43) (12.345) 2 /2 
4) Fanning Friction Factor from von Karman Equation: 
Using equation (14) with n' = 1, and Newton's 
83 
iteration procedure, the friction factor can be calculated 
as fvk = 0.00467. 
5} Local Velocity at axial position: 
= 
. 2 1/2 
u = 26P gc = (lb-m/ftxsec) · = ft/sec 
(lb-m/ft 3 ) l/ 2 p 
2xl.l78xl44x32.174 
o.7749x62.43 = 15.022 ft/sec 
6) Dimensionless Radius: 
1.. = ~ = 1.0 R 0.5 
7) Dimensionless Velocity (normalized_ with calibrated 
average velocity): 
u 15.022 
u = 12.345 = 
8) Dimensionless Velocity (normalized with axial velocity): 
~ ~ 15.022 ~ 1.0 
uc 15.022 
9) Friction Velocity: 
u* = ~ 12.345~-:0 • 0 ~ 47 ~ ·. 
= 0.60157 ft/sete 




= U* = 0.60157 = 2 4. 9 72 
11) YPLUS (dimensionless): 
lb 
y+ = u~y = (ft/s e dx ~ x(ft) = dimensionless 
- (lbxft/sed 
= (0.60157)(0.7749x62.43)(0.5/12) = 2029 
(0.8892x6~2xl0- 4 ) 
12) Integrated Average V~locity: 
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For the evaluation of this quantity, from local velocity 
measurements with Pitot tube, the trapezoidal integration 
rule was used. The result for this run was: 
U = 12.43 ft/sec 
Hot-Fil ~ Anemometer Measure~ents 
Calibration Curve: 
An example of the ca 1 ibra t i o.n procedure is given in 
Appendix I. From that equation, obtained by a regression 
analysis procedure, voltage and velocity are correlated by 
the equation: 
=(E 2 - 155.464\l/O.S 
u \ 74.32 '-) 
Thus, readings of local voltages through different radial 
positions are applied to this equation to obtain u, i. e. 
for y = 0.4 and E = 20.93 (Run 28): 
85 
2 '1/0.5 = 20,93) . - 155.464 = 14 46 f I u 7 4 • 32 • t sec 
The graphical procedure used to determine the correlation 
between _voltage and velocity ln runs where regression analysis 
was not applied is discussed in the analysis of the data 
section. 
APPENDIX III 
TARLE IV " 
PHYSICAL PROPERTIES OF FLUIDS 
86 
A. Solvent Densities 
Temp. Solvent Density ao * el * 
oc gr/cc 
25 Cyclohexane 0. 7749 0.79707 -0.0008879 
30 Toluene 0.8564 0.88412 -0.0009225 
*Density = ao + a1T; T in oc 
B. Solvent and Solution Viscosities 
Solute Solvent Cone. Viscosity Te~ 
% c oc 
None Toluene 0 0.551 26.5 
Al-disoap Toluene 1.0 1.456** 26.5 
None Cyclohexane 0 0. 889 25.0 
PIB L-200 Cyclohexane 0.2 1.350*** 2 7, 8 
PIB L-200 Cyclohexane 0.4 3,80**** 25.0 
**Average value in shear rat~ range of interest 
(!o 4 ·- 10 5 sec- 1) from data of Radin (32)-slightly 
non-Newtonian. 
***Average value in shear rate range of interest--
87 
nearly Newtonian, 
****Average value in shear rate range of interest 




The following pages present the data and numerical results 
obtained from Pitot tube and hot-film anemometer measurements. 
Explanation of the symbols used is as follows: 
SYMBOL EXPLANATION 
y Radial position (y) from the pipe wall. 
TE~f Temperature of the fluid (°C). 
DELTA-PSI Local pressure drop measured with the 
Pitot tube (psi). 
FT/SC Local fluid velocity (ft/sec). 
DIMR Dimensionless radius (y/R). 
DIMU Dimensionless velocity defined as the ratio 
of the local velocity at a given radial 
position (y) to the tube axis velocity. 
DIMUC Dimensionless velocity defined as the ratio 
of the local velocity at a given radial 
position (y) to the average bulk velo-
city obta i ned from calibration. 
Dimensionless velocity (u+) defined by 
equation 11. 
Dimensionless distance (y+) defined by 
equation 11. 
PTTOT TURE MEASUREMENTS 
PUN= l TOLUF.NE 
y TH1 DELTA-PSI FT/SC DIMR OIMU DJMUC U+ Y+ 
0.500 ?4.900 0.220 6.161 1.000 1.000 1.253 24.676 lLt78.350 
0.418 24.900 0.214 6.075 0.836 0.9R6 1 .216 24.331 llA2.679 
0.318 2''. ClOO 0.199 5.86~ 0.636 0.951 1.192 23.4A2 887 .010 
0.268 24.CJOO 0.1 86 5.661 0.536 0.918 1.1'51 22.676 739.170 
0.2lfl ?4.900 0.175 5 .L~91 0.436 0.891 1.117 ?l.99't 591.340 
0. J 68 74. 0 00 o.ln4 5.316 0.136 0.862 1. OR l 21.291 443.500 
O.llR 24.900 0.144 4.988 0.236 0.809 1.014 lQ .. 980 2C)5.670 
0.068 ?.4.900 0.12'5 · 4.638 0.136 0.752 0.943 18.576 l47.R30 
0.048 ?.4.900 O.ll~ 4.4"05 0.096 0.714 0.896 17.642 88.700 
) 
0.028 24.QOO 0.097 4.0A2 0.0'56 0.66?. 0.~30 16.348 29.560 
CALIARATEO AVfRAGE VELOCITY= '•· 917 FRICTION FACTOR= 0.00515000 
INTEGRATEp AVERAGE VELOCITY~ 5. 113 REYNOLDS NUMRER= 58212.600 




y TfM DELTA-PSI 
0.500 24. 0 00 0.647 
0.418 ?4.900 o.n34 
0.31R ?4. 0 00 0.590 
0.268 24.900 0.563 
0.218 2't. <100 O.S30 
0.168 2'+. 9 00 0.493 
0.118 ?4.000 0. lt-4 7 
0.06R ?4.900 0.37() 
n.O(+B ?4.000 0.349 
O.OZR ?4.900 0.295 
GALIRRATEO AV~RAGf VFLOCITY= 
INTE(;RATEO '-'.VEP M~F VFLOC1TY= 
FLOW RATF ( P fH JNDS /~1 If'J!JTF) = 
PTTOT TURF l\1f.ASUREMENTS 
TOI..UFN~ 
FT/SC OTMR DIMU OIMIJC 
10.'561 l. 000 1.000 1.202 
10.451 O.R36 0 .. 9R9 1.190 
lO.ORl o.n36 0.954 1. l't8 
9.84A 0.'536 0.932 1.121 
9.555 0.436 0. 90ft l..OBR 
Q.?l<'l 0.336 0.872 1.0'50 
11.771 0.236 0.830 0.999 
A.OR5 0 .. 136 o.7n'5 o.o21 
7.75 2 0.006 0.734 o. s·s 3 
7.12B 0.056 0. 6 7lt 0.812 
P.7 A3 FRICTION l=t,CTOR= 












l -,. 4 0'~ 
0 .OO't 34000 
1.03975.100 
Y+ 













.Y TFM DELTA-PSI 
o .• 500 ?.5.000 1. 30B 
0 .• 41 A ?5.300 1.295 
o .• 31R ?5.300 1.199 
0.268 ?'5.300 1 • 13 6 
0.218 2'5.300 1.071 
0. l6R 25.300 0.9()2 
-· 
O.llR 25.300 0.913 
0.06R ?5.300 0.794 
0.04A 25.300 0.7?.R 
O.O?R ~5.300 O.Al9 
CAL TRRATF.O AVI=P .l\r. F VFI OC I TY·= 
INTEGRATED AVFR~Gr VFLOCITY= 
FLOW RATE (PflUNOS':-qNlJTE) = 
PITOT TURE MEASURFMENTS 
TOLUENE 
FTISC OIMR OIMU OIMUC 
15.017 1.000 1.000 1. 20't 
14.939 O.A36 0.9H7 1.198 
14.378 0.636 0.962 1.11)3 
13.992 0.536 0 .• 936 1.122 
13. 5 9/t- 0.4·36 O.GOQ 1.090 
13. OR 0 0.":\36 0.875 1.049 
l2.54f, 0.236 0.839 1.006 
1.1.702 0.136 0.7A3 0.938 
1.1.20'5 0.096 0.750 0.8(H~ 
10.313 0.056 0.691 O.R?.8 
1?.474 FR!CTTON FACTOR= 




























R Ut\f= ,, 
y TFM DELTI\-PSI 
0.'500 21).000 2.149 
0.418 ?5.000 ?.llCJ 
0.318 2'5.000 1.998 
0.268 25.000 1. 90R 
0.21R ?.5.000 1.796 
0. l6R ?S.300 1.688 
0.118 25.300 1.535 
0.068 25.300 1. "341 
0.048 ?5.300 1.226 
-. 
0.0?.8 ?.'3.300 1.039 
CALIRRATEO AVFRAGF VELn(JTY= 
INTFGRATFD 1\VFRAGE VFLOCITY= 
FLOW RATE (PfiUNf1S/MTNUTE) = 
PITOT TIJRE MEASURE"-1ENTS 
TOLUENE 
FT/SC OP1R OIMU nrMuc 
19.21+5 1..000 1.000 1.192 
19.113 O.R~A 0.993 . 1.184 
18.1)60 0.636 0.964 l • lll'9 
18.135 0.53A 0.942 1.123 
17.'598 0.4·36 0.914 1.090 
17.062 0.33A 0.886 ' 1 .057 
16.?.7? 1).236 0.845 l.OOA 
1'5.?.07 0.116 0.790 0.942 
14.541 0.096 0.755 0.901 
13. 3 86 0.056 0.695 0.829 
16. l 1t- 7 FRICTION FACTOR= 
16.'+70 RFYNOLDS NUMRER= 
284.000 
(J+ 


























y TfM DELTA-PST 
0.500 25.200 2.868 
0.418 25.200 2.778 
0.318 25.200 ?.615 
0.26R 25.200 2.506 
O.Zlfl 75.?00 2.362 
().168 25.?00 2.1Q9 
0.118 2'5.200 2.03A 
0.068 25.?00 1..783 
0. 04 8 ?'5.200 1. 67.0 
·, 
0.0.28 25.200 1.367 
CALIRR~TEO AVFPAGF VELOCITY~ 
I NTFGR.l\ TF.D 1\ VFP t\G F VE l.OC I TY= 
FLOW R ATF (POUNDS/MINUTE) = 
PITOT TUBE MEASUREMENTS 
TOLlJENF. 
FT/SC DIMR OIMU DIMUC 
22.~38 1. 000 1.000 1.193 
2l.R84 0.8~6 0.984 1.174 
21.234 0.636 0. 9 5't 1.139 
20.788 0.5~6 0.934 1.115 
?0.179 0.436 0.907 l.OA7. 
19.47? 0.336 0.875 1.044 
18.737 0.236 o.r4z 1.005 
17.531 0.136 0.788 0.940 
16.714 o.OQ6 0.751 0.896 
15.353 0.056 0.690 0.823 
18.6'd~ FRICTION FACTOR= 





26.144 . 288?.100 
25.616 2401.750 
24.865 1921. ·.~99. 
2 3. 993, 1'+41.050 








PITOT TURF MFASUREMENTS 
RIJN= 6 ALUMINIUM fHOLEATF ( 1%} IN TOLUENE 
y TfM DELTA-PSl FT/SC DIMR OIMU DIMUC U+ Y+ 
0.500 ?5 .. 000 0.483 '1.12~ 1. 000 1.000 1.036 26·.3"t2 824.723 
0.468 25.000 0.481 9.105 0.916 0.997 1.033 ?.6.275 742.253 
0.418 25.000 0.471 9.01? O.R36 0.987 1.023 26.007 659.786 
0.'3M3 2'5.000 0 ·'•57 8.882 o.73n 0.973 1.008 25.632 577.304 
0.318 ?5.000 0.446 R.775 0. 61(, O.Q61 O.Q96 25.322 494.834 
o.?AB ?5.000 0.422 0.531 0.53(, 0.9?4 0.968 24.619. 412.359 
0.218 ?5.000 0.413 8.444 0.416 0.925 o.o').q 24.368 329.889 
0.16~ 25.000 0.39? 8.229 0.136 0.901 0. 93ft 23.747 7.47 ·'t15 
O.llR 25.000 . 0.3hl 7.88') 0.236 0.864 0.895 ?.2.766 164.945 
; 
.0.068 25.000 Q.zqq 7.1Rq 0.136 0.787 O.Rl6 20.748 82.4 70 
0.048 75.000 0.265 6.766 0.096 0.741 0.768 19.527 49.482 
o.o2n 25.000 0.209 6.007 0.0'>6 0.658 0.6R2 17.335 16.494 
CALIRRATEO ~VfPAr.E V~LOClTY~ R.Rl2 FRICTION FACTOR= 0.00309000 
·, ' 
INTFGRATEO AVfRAGF VELnCITY= 7. 132 6 RFYNOLOS NUMBER::; 103975.000 
FLOW RATE (PDlJNOS/MINUTf) = 155.000 \C 
-!=:' 
PITOT TURE MEASUREMENTS 
RLJN:= 7 ALUMINIUM OIOLEATE (l%l IN TOLUENE 
y TO·' DELTA-PST FT/SC 0 I MR or r·~u OIMUC U+ Y+ 
0.500 2').000 l. 001 13.1'•0 1.000 1.000 1.027 30·.070 1039.989 
0.46B 25.000 0.999 13.124 O.Q36 0.99R 1.026 ~0.03l 935.993 
0.41B 2 5. 000 0.984 13.027 0.836 O.Cf91 1 .o 18 29.811 831.991 
0.368 2').000 O.l/63 12.RB9 0.716 0.080 1 .008 ?9.495 727.994 
0.31~ 25.000 Q.,<)::JR 12.716 0.636 0.967 0. 99lt ?9.099 623.996 
0.268 ?5.000 o.oo1 17.464 0.516 0.<)48 0.<)74 28.524. 519.995 
o.?l~ 25.000 0.857 1?..156 o. 't36 0.92£) O.Q50 27.81R 1tl5.998 
0.] 68 25.000 0.806 11.786 0.33f> 0.896 0.')21 26.972 311.996 
0.118 25.000 0.744 t 1. 3 30 0.~36 0.86?. O.BA6 7.5.928 207.999 
o.o6R ?S.OOO 0.640 10.'508 0.136 0.7QQ O.R?l :?.4.0411 103.<)97 
0. 0'+13 Z5.00n 0 • ., 8/~ 10.036 o.oqr, 0.763 0. 78 5 22.968 62.398 
0-.02A 25.000 0.470 9.006 0.0'16 0.685 0.704 20.611 zo.7q9 
~ALIARATEO AVFR~GF VFLQ(ITY= 12.79? FRTCTION FACTnR= 0.00233000 
INTEGRATED AVERAGE VFLOCTTY= 11.1"50 REYNOLDS NUMRER= 147651.000 
FLOW RATF (PGUN!1S/MINUTF) = 225.000 
1..0 
lJ1 
PTTOT TUB~ MEASUREMENTS 
RUN= 8 ALUMINIUM DTOLF.ATE Il%} lN TOLUENE 
.Y TEM OEL TA-PSI FT/SC DIMR DIMU DIMUC U+ Y+ 
0.500 25.400 l. 573 16.471 1.000 1.000 1.051 32.349 1211.258 
0.468 2·5 . 400 1.566 16.43:? 0.916 0.997 1. 05 1 32.273 1090.131 
0.418 25.400 1.55? 16.361 0.836 0.993 1.046 32.133 969.005 
0.368 2 5. '~0 0 1.518 16.179 0.736 0.98?. 1.014 31.776 8't7.87R 
0.318 25.40() 1. 4 72 15.935 0.636 0.967 l.OlQ 31.?.97 726.752 
0.268 25.'t00 1. 432 1'5.714 0.536 O.CJ54 1.00'5 30.863 605.629 
0.218 25.400 1. 378 15.415 0.436 0.935 0.9A5 30.276 't84.502 
. ' 
0.168 ?.5.1!00 1.~qs 14.948 0.136 0.907 0.956 29.359 363.376 
0.118 2'5.400 1.183 l't. 282 o. r~6 0.867 0.913 ?8.050 242 .?49 
0.068 ? 5. 400 1.025 13 .. 300 o. 116 0.807 O.R50 26.121 121.123 
0.04A 25.Lt00 O.RQ? 12.402 0.006 0.751 0.7Q3 ?4.358 72.674 
0.0?.8 ?5.400 0.615 10.305 0.056 0.67.5 0.659 20.?.40 2't.220 
~ALIRRATEn AVFRA~E VELnCITY= l5.61t? FRICTJON FACTOR= 0.0021.2000 
TNTE~RATFD AV[RA~F. VELOCITY= 14.? ,, ?. REYNOLDS NUMRER= 1850o9.ooo 
FUJW RATE (PnU~.'D S /MINlJTE) = 27S .OOO I.C 0' 
PITOT TURF MFASUREMfNTS 
RUN= 9 ALUMINIUM DIOI..EATE (1 %) IN TOLUENE 
y TFM DEL Tl1,-PST 
0.500 25.000 ?.317 
0.468 zs.roo 2.296 
O.'tl8 ?4.80() 2.?71 
0 .16R ;>t,. BOO 2.?26 
0."3113 ? 1h 800 2.164 
O.?AR ?4.ROO ?.ooo 
0.218 ?4.800 2.018 
o. 1 ns 24.1100 1.898 
O.llR 24.ROO 1. 748 
0.068 24.POO 1.531 
0.04Fl ?4.~00 1 • 4 07 
O.O?R ? lt. fl()() 1. 09't 
CALTRRATFO AVERhGE VFLGCTTY= 
TNTEGRATED AVFR~~E VELOCTTY= 




19. 7 8't 
19.584 
























DJMU 0 I f-1UC U+ 
1.000 1.056 34.524 
0.995 1.0'51 34.368 
0.980 l. 0 1+5 34.175 
0.970 1.034 33.831 
0.066 1.0~0 33.360 
0.951 1.004 32.85~ 
o. q:r~ 0.C)85 32.2.11 
0.005 0.055 31.247 
0.868 0.917 29.085 
O.Rl2 O.R5R 28.065 
0.770 0.8?.3 26.902 
0.687 0.7?5 23.72'5 
FRICTION FACTOR= O.OOlA6000 
















. RUN= U) 
.. - ~ _..._ . Y' . -·- TFM DELTA-PSI 
o.~oo 25.500 0.259 
o .• 418 2'5.500 0.254 
0.318 25.500 0.2~9 
0.268 25.500 0.226 
0.218 25.500 0.?13 
0.168 25.'300 0.197 
0.1111 25.500 0.181 
0.068 25.500 0.163 
0.048 25.500 0.151 
0.028 25.500 0.123 
Cl\LIRRATE O lW f RAGF. VEtOr:ITY= 
INTEGRATED AVERAGE VFlOCITY= 
FLOW RAT F. (POU NOS/MTNUTE) = 
PTTOT TU BE MEASUREMENTS 
CYCLOHEXANE 
FT/SC 0 T MR DIMU DIMUC 
7.048 1.000 1.000 1.170 
6.98B 0.836 0.991 1.160 
6. 774 0.636 0.961 1.125 
6.585 0.516 o. cn1t 1.093 
6.391 0.'+36 0.906 1.061 
6.156 o. 3 36 0.873 1.022 
5.895 0.?36 0.836 0.979 
5.602 0.136 0.794 0.930 
5.392 0.096 0.76'5 0.095 
4.858 0.056 0.68q 0.807 
6.023 FRTCTION FACTOR= 


















650.8 1 0 









PUN= l l 
y TEM DELTA-PSI 
0.500 25.600 0.665 
0. 41 fl ~5.600 o.n46 
0.318 25.600 0.596 
0.26R 25.600 0.564 
0.218 ?11.600 0.529 
0.168 25.600 0.469 
0.118 25.600 0.413 




0.0'~R 25.AOO 0.330 
·~ O.O?R ?.5.600 0.282 ~ 
CALIRRATF.D AVFP~GF VELOCITY= 
INTEGRATFn ~VFRAGF VELOCITY= 
FLOW RATE CPOUNOS/MINUTFl = 
PITOT TURE MEASUREMENTS 
CYCLOHEXANE 
FT!SC DTMR DTMU DIMIJC 
ll • 2 90 .1.000 1.000 1. ?07 
11.131 o.B36 0.98') 1.190 
10.688 0.636 0. 9 1t6 1.143 
10.399 0.516 0.921 1.112 
10.070 o. 1t3n O.A91 1.077 
9.479 0.336 0.839 1.014 
8.R9? 0.?36 0.787 0.9~1 
8.197 0.136 0.743 0.8'18 
7.960 0.006 o. 705 0.851 
7.357 0.056 0.651 0.787 
0.352 FRICTION FACTOR= 





























y TFM DELTA-PSI 
0.'500 ~5.500 l.l7R 
().41A 25.500 1.146 
0.318 25.500 1. 0 6'~ 
0.?6R 25.'500 1.000 
0.21R 25.500 O.RR7 
0.168 ?5.500 0.860 
0.11R ?5.500 0.785 
0.06r.3 ?5.500 0.667 
0. Oti.R 25.'100 0.607 
0.0?A 25.500 o.5oq 
CALIBRATED AVFRAGF. VFLOr.ITY= 
INTFGRATFD AVFRAGF VELOCITY= 
FLnW RATE CPnUNOS/MJNUTF.) = 

























0 .. 096 
0.056 
DIMU DIMUC U+ 
1.000 1. 217 24.972 
0.9R6 1.200 24.6 32 
0.9'50 1.156 23.733 
0.925 1.126 23.113 
0.867 l.05n 21.6 75 
O.A5R 1.045 21.446 
0.816 0.994 ?0.~92 
0.752 0.916 18.793 
0.717 O.R73 17.924 
0.657 o.noo 16.420 
FRICTION FACTOR= 0.00474000 















A< ~ > ~,. 
RUN= 13 
y TFM DELTA-PSI 
0.500 25.500 1.826 
0.418 25.500 1.780 
o. ~18 25.-500 1.658 
0.268 2 5 .• 50 0 1.570 
·o. 218 25.,00 1 ·'t 77 
0. lAB 25.SOO 1.?>69 
0.118 25.500 1.232 
0.0613 25.500 1. 057 
0.048 25.500 1 • 001 
0.02B 25.500 0.813 
CALTRRATFD AVER~GF. VfLOCJTY= 
INTEGRATED AVfRAGE VELOCITY= 
FLOW RATE ( PfllJNIIS /MIN UTE} = 
PITOT TURE MFASUREMENTS 
CYCLOHEXANE 
F T /SC n I ~1R DIMU DIMUC 
18.704 1.000 1.000 1.222 
18.467 O.R36 0.987 1..207 
17.A24 o.o36 0.952 1.165 
17.347 0.536 0.927 1.131 
1A.R24 0.43A 0.899 1.099 
16.1()4 0.336 O.A65 1.058 
15.3o2 0.?~6 0.821 1. 004 
14.?34 0.116 0.761 0.930 
13.853 0.096 0.740 0.905 
. 
12.481 0.056 0.667 0.815 
l '5. 305 FRICTION FACTOR= 
15.664 RFYNOLDS NUMRER= 





























y TH1 DELTA-PST 
0.500 25.200 2.630 
0.41B 25.200 2.557 
0.318 25.200 2.375 
0 •. 268 2 5 .• 200 2.266 
·o.21s ?.'5.200 ?.120 
0.168 25.200 1.938 
0 .• 1.18 ?5.200 1.792 
·0.06A ?5 .. 200 1.537 
0.04A ?5.?00 1.373 
0.028 25.200 ) • 136 
CALTARATED AVERAGE VEIO[TTY= 
INTFGR/\TEO AVFRAGE VELOCITY= 
FLOW RATE (P(llJNDS/MlNUTF) = 
PTTOT .TUBE MEASUREMENTS 
C YC LOH EX ANF. 
FT/SC DJMR OIMU D IMlJC 
?2.it-56 1. 000 1.000 1.2?4 
22.143 0.836 0.986 1.207 
21.340 o. 636 0.950 1.16./t 
20.843 0.536 0.928 1.136 
?0.162 0.436 0.897 1.099 
19.277 0.336 O.R5A 1.051 
18.538 0.236 O.R25 1.01.1 
17.169 0.136 0.764 0.936 
16.?78 0.006 0.722 O.BA5 
14.7A3 o.O':i6 0.657 0.805 
lfl.341 FRICTION FACTOR: 





























PTTOT TURE MFASUPfMFNTS 
RUN= 15 POL YI SOBtiTYLENE ( 0. 2'~} IN CYCLOHEXANE 
y TH--1 DFLTJ\-PSI FT/SC OTMR DIMU OIMIJC 
0.500 2 5. 700 0.241 6.707 1.000 1.000 l.l28 
0.400 25.700 0.236 6.719 O.ROO 0.988 1.115 
0.300 25.700 0.217 6.446 0.600 0.948 1.070 
0.200 2 5 .• 700 0.180 6.02?. o. 400 0.886 0.999 
·a. 1so ?.5.700 0.173 5.751 0. -~ 00 O.Rt•6 0.9'5'5 
0.100 2 5. 7 00 0.15? 5.4'32 o.zno O.R02 0.905 
0.050 " ?5.700 0.128 4. 9'tA· 0.100 0.727 0.820 
0.021 25.700 0 .OR6 4.051 0.042 0.'596 0.672 
CALIRRATED J\VF.RAGF. VELOCTTY: n.0?6 FRICTION FACTOR= 
. 
INTEGRATED J\VERJ\G~ VELOCITY= 5.422 REYNOLDS NUMBER= 
























PJTOT TURF ~EASUREMFNTS 
R!JN= 16 POLYISORUTYLENE {0.2%) 
y TfM DCLTA-PSI 
0.500 26. 1 00 0.4A() 
0.400 ?6.100 0.459 
0.300 ?n.lOO o.42n 
0.200 2 6. 100 0. 3 74 
·o.150 2A.l00 0. "Vt4 
0.100 2n.1oo 0.303 
0.050 ?6.300 O.?Al 
0.0?1 26.500 0.200 
CALIRRATFD AVFRJ\GE VF.I.OC:ITY= 
INTEGR~TEO AVfPJ\GE VFLnCITY= 























DIMU OIMUC U+ 
1.000 1.049 20.79't 
0.989 1.037 ?0.573 
0.953 0.99C) 19.819 
0.893 0.937 .18.575 
0.856 0.898 17.804 
0.804 0.843 16.71.8 
0.74'3 o. 781 15.491 
0.657. 0.684 13.572 
FRICTION FACTOR= 0.00372000 













PITOT TUP.E MFASURE~1ENTS 
RlJN= 17 POLYISORUTYLENE (0.2%) IN CYCLOHEXANE 
y TEM . DELTA-PSI FT/SC 0 f MR DfMU OIMUC 
0.500 ?5.800 0.721 11.7-58 1.000 1.000 0. 9 5lt 
0 .• 400 25.800 0.715 11.. 704 0.800 0.9Q'5 0.949 
0.300 25.800 0. 6 75 11.374 0.600 0.967 0 .• 92? 
0.200 ?.5.ROO o. 597 10.694 0.400 0.909 0.867 
0.150 25.900 " 0 • .561 10.373 0.300 0.88?. 0.841 
0 .] 00 25.900 0 ·'t 97 9. 761t 0.200 0.830 0. 79"2 
0.0'50 25.900 0.419 8.962. 0.100 0.76?. 0.727 
0.021 25.900 0.328 7.923 0. 0't2 O.fl73 0. 6 1t 3 
CALIRRAT FD AVFRAGE VFLOCfTY= 12.331 FRICTION FACTOR= 
INTEGRATED 6VCRAGE VELOCITY= ?.7?2 REYNOLDS NUMAER= 
r=LOW RATE CPOIJNOS/ MJNUTE l = 195.000 
U+ 
22 .• 979 





















PITOT TUBE ME~SUREMENTS 
RUN= lB POLYISOBUTYLENE (0.4%) TN CYCLOHEXANF 
y TEM . · OELTA-PSl FT /SC D f MR OIMU DTMIJC 
0.500 ?4.710 0.496 9. 7 4't 1..000 1.000 0.791 
0.400 24.710 0.485 9.A15 0.800 0.988 0.182 
0.300 24.750 0.463 9.412 0.600 o.9o6 0.764 
0.200 21.t. 730 0.430 9.068 0. /t(10 0.930 o.-r36 
0.150 24.750 0.393 )),.674 0.300 0.890 0.704 
0.100 ?.lt. 750 0.369 ~.401. o.zoo 0.862 0.6B2 
0.050 24.770 0.324 7.880 0.100 0.80~ 0.640 
0 • .021 24. 750 0.225 6.560 o. 042 0.673 0.533 
CALTRRATED AVERAG E VFLOCITY: 1?..315 FRICTION FACTOR= 
INTEGRATED AVERAGE VFLOGTTY= 8.216 REYNOLDS NUMRER= 
FLOW RATF. (POUNOS/t~TNUTF.) = 195.000 
U+ 






















PJTOT TIJRE MEASUREMFNTS 
PtJN= 19 POLY.ISOP,UTYLENF (O.It~) IN CYCLOHEXANE 
.Y TE,._., DELTA-PST FT/SC DTMR DIMU DIMUC 
0.500 /4.300 0.1117 6.139 1. 000 1.000 1.020 
0.400 24.300 0.187 5.9Rl O.ROO 0.974 0.994 
0.300 24.300 0.174 5.765 0.600 0.<)39 0.958 
0.200 ?4.30() 0.153 5. t,. 0'5 o. '+00 O.ARO O.R98 
0.150 ?4.300 0.1.39 5.164 0.300 0.841 O.R58 
0.100 2't.340 0.125 't.ft91 0.200 0.79 6 O.f313 
O.OlSO 2L~. 340 0.107 Lt.'531 0.1.0'0 0.71R 0.753 
0 .021 zt~.350 0.067 3.593 o. 0't2 0.585 0.597 
CALIBRATED AVEPAGE VELOCITY: 6. 018 ,fRICTION FACTOR= 
INTEGRATED AVERf~F VFLOCITY= 4.A68 REYNOLDS NUMBER= 
























PITOT TURE MFASUF?EMENTS 
RUN= 20 POLYISOBUTYLENE (0.4'(,) IN CYCLOHEXANE 
-y -- TfM DELTA-PSI FT/SC OlM~ OIMU DIMUC 
0.500 24.100 0.143 8.102 1.000 1.000 0.898 
0.400 21t. 100 0.332 7.970 O.BOO 0.983 0.8R3 
0.300 24. 100 0.314 7.7'5'1 0.600 0.957 o.·n'>9 
0.?.00 24.100 0.284 7.377 0.400 0.910 O.Bl7 
0.150 24.100 0.2A3 7.099 0.300 0.876 D.7R7 
0.100 24. 100 0.7'39 6.763 o.zoo 0.834 0. 7't9 
0 .. 050 24. 15 0 0.?.01 6.208 0.100 0.766 0.6q8 
0.021 24.150 0.051 3.12"3 o .. 042 0.385 0.346 
CALlRRATFO AVFRAGE VFLOCITY~ <).025 FRICTION FACTOR~ 
tNTEGRATEO AVEPAGF VELOCITY= 6.464 REYNOLDS NUMBER= 

























HOT-F1LM ANEMOMETER MEASUREMENTS 
RUN= ?.1 ALUMINIUM DlOLFATE ( 1%) 
y TFM VtlLTAGE 
0.500 2A.500 21.410 
0.450 26.~00 2l. 1t10 
0.400 ? 6. 500 21.370 
0.350 26.500 2] • 3 50 
0.300 7A.500 21.3 30 
o. 2 50 26.500 21.280 
0.?00 ?6.~00 21.100 
' 
0.150 2n.soo 20.790 
0.100 2 6. '100 ?.0.170 
0.050 26.'500 19.130 
o.o4o 7.6."00 18.44() 
CALTRRATEf' 1\VFPAr, E VELOCITY= 
INTFGR/\TED hVFP~~~ VfLOCITY~ 





























OfMU OIMUC U+ 
1.000 1.?.18 31.341 
1.000 J..?.l8 31.341 
0.995 1.?12 31.195 
0.993 1 • 21.0 31.136 
0.990 1.20:5 31.0 20 
0.984 1 .199 30.845 
0.961 1.170 30.116 
0.C')?.3 1.124 ?8.921 
0.849 1. 014 ?6.618 
0.735 • o.ags 23.032 
0.666 O.Bll 20.874 
FRICTION FACTtlR= 0.00102000 
















HOT-F Tl M 1\NEMO:'v!FTER M,fASUREMENTS 
RUN::: 2? ALUMINIUM DIOLEATE ( 1%) 
y TFM VOLTAGE 
o.c;oo ?6.500 ? 5 .lt90 
0.450 ?A.500 75.220 
0.400 ?6.500 25.120 
0.350 26.500 ?5.090 
0.300 ?A."iOO 2't. 970 
0.250 ?11.'100 ?4. 040 
0.200 26.500 ?4.5'50 
0 .150 ?A.'300 ?4.~20 
0.100 ?1-,.~()0 ?3.880 
0.050 ?.A.son ??.270 
0.040 26.500 20.4'30 
CALIRRATF8 AVFRA~E V~LOCTTY= 
INTEGRATEn ~VFPt~f VFLO~ITY= 





























DIMU DIMUC U+ 
1.000 1.249 16.277 
0.990 1.?47 36.231 
0.9A7 1.232 3 5.789 
0.9R6 1.231 35 .766 
0.96C) 1.?10 35.138 
o. 961 1.?00 34.860 
0.929 1.160 33.698 
0.903 1. 12 R 32.76R 
0.85° 1.073 .31.164 
0.710 0.887 25.771 
0.564 0. 70 't 20.451 
FRICTION FACTno~ 0.00?37000 
















CALlnRATED AVcRAr.E VELOCITY: 
INTfGRATEO AVERAGE VELOCITY= 




FRICTION FACTOR= 0.00570000 




HnT-FILM ANEMOMETFR ~EASUREMFNTS 
... - -~ ~- _ .. 
PUN= 24 
- ~ -- -·· -· 
y TEM VOLTAGE 
. 0. 500 24.900 21.300 
o .t~oo ?4. 0 00 ?1.290 
0.300 ?4.900 ?1.210 
0.200 24.900 21.100 
0.150 ?4.900 20.860 
0.100 24.900 20.540 
').050 24.900 19. OfW 
0.020 2Lt.900 19.6 30-
.CALIBRATFD AVERAGE VFLOCITY: 
INTEGRATED 4VEPAGf VELOCITY: 























DIMU DIMLJC lJ+ 
1.000 1.21'? 24.189 
0.967 1.176 23.398 
0.954 1..159 23.069 
0.91.7 1.1.15 22 . 190 
0.816 1.016 20.213 
o.s 08 0.983 19.554 
0.699 0.850 16.917 
0.639 0.777 1'5.467 
FRICTION FACTOR= 0.00505000 













HOT-FIL~ 4NEM OMET FR MEASUREMENTS 
RUN-= 25 
y TEM VOLTAGE 
0.500 ?4.QOO 21.840 
0.400 24.900 21.780 
0.300 2't.QOO 21.650 
0.200 24 .• 0 00 21.3 00 
0.1.50 74.'SOO 21.210 
0.100 . 2Lh 900 ?.0.930 
0.0'50 .?4.900 20.560 
0.020 2lt.GOO 20.150 
CALIBRATEO AVfRAG F VELOCITY= 
INTEGRATED AVEPAGF VELOCITYc 
FLOW RATE (POINOS/MINUTEJ = 
f.YCLOHEXANE 





















OTMU DIHUC U+ 
1.000 1.21.5 24.959 
0.968 1 .. 176 24.160 
0.940 1.142 23.'+61 
0.868 1 .055 21.664 
0.857 1.041 21.381 
0 .803 Q.Q76 20.050 
0.72R 0.885 18.170 
0.660 0 .802 16.473 
FRICTION FACTOR= 0.00474000 













-HOT-FILM A NEMfVvlf TEP MF !\SUR EMFNTS 
RUN= 26 POLYISOBUTYLENE 
y TEM VOLTAGE 
o.soo 27.170 17 .. 290 
o. ~t-Oio 27.170 17.180 
0.300 · ?7~170 17.060 
0.700 ?7.170 16.860 
0 .. 150 27.]70 16.840 
0.100 27.170 16.740 
0. 05·0 27.170 16.620 
O .. OlB 27.170 16.330 
CALIRRATFO AVFPAGE VFLOCTTY= 
TNTEGRATFO AVE~AGE VFLOCITY~ 
FLDW RATE (Pf11NOS/MJNllTF) = 























DlMU OIMUC tJ+ 
1 .. 000 t.32.7 25,.5 87 
0.95{) 1.260 ' 24 • . 2'96 
0.893 l. 18 5 2·2. 844' 
0.794 1.054 20.319 
0.784 1 • 01+0 20.0 ')•6 
0.737. 0.971 1A.723 
0.667 0.88') 1 7. 0 '57 
0.492 0.6'53 12.596 
FRICTlON FACTOR= 0.00'538000 
RF.YNOLOS NLIM~ER= 406lq.soo 
Y+ 
693 .• 3Q5 










HOT-FILM ANEMOMETER MEASU REMENTS 
RUN= 27 POLYISOBUTYLENF 
y TE-M VOLTAGE 
' · 
0.500 27. 100 13.320 
0 .'tOO ?7.100 13.250 
0.300 -27.100 13.180 
0 .. 200 27.100 1?.060 
-- 0.150 ?7. 100 12.850 
D.lOO 27. 100 12.R20 
0.050 27.100 12.740 
0.018 27.100 12.620 
CALIARATED AVERAGE VFLOCITY= 
TNTFGRATED AVERAGE VFLOCITY= 
FLOW RATE {POINOS/MTNUTE) = 























0 I ~1U DIMUC U+" 
1.000 1.228 28.467 
0.96R 1.138 27.542 
0.93'+ 1.147 2A.591 
0.821 1 .. 008 23.380 
0.758 0.911 21.581 
o. 7'+9 0.920 21.32'+ 
0.713 0.875 20.297 
0.659 0.809 18 .. 755 
FRICTION FACTOR= 0.00372000 













HOT-FILM 1\NF.MO~ETEI< MEASUREMENTS 
RUN= 28 POLYISORUTYLF:NE 
y TFM VOLTAGE 
0.500 27.700 21.0'50 
0.400 27.700 20.G30 
0.300 27.700 20.850 
0.200 ?7.700 70.730 
0.150 ?1.100 20.620 
0.100 ?7.700 ?0.500 
0.050 27.700 20.100 
O.OlR 27.700 20.0RO 
CALIBRATED AVERAGE VfLOCJTY= 
INTFGPATED AVFR~r,F. VELOCITY= 
























OIMU OTMUC U+ 
1.000 1 .. ?09 29.144 
0.964 1.165 28.095 
0.9lt]_ 1.138 ?7.431 
o.oog 1.097 26.459 
0.81A 1.061 25~589 
0. 8'+6 1.02~ 24.662 
0.795 0.961 23.166 
0. 7'tl 0.895 ? 1. '5 88 
FRTCTION FACTOR~ 0.00344000 













RUN= 29 POLYfSn~UTYLfNE (0.4%1 
y T ft.J. VOLTAGE 
0.500 2?.400 19.860 
0.400 22.'+00 19.700 
0.300 22.400 19.380 
0.200 22.900 18.850 
0 .. 150 ?2.400 18.280 
0.100 22.400 18.080 
0.050 2?. 400 17.840 
0.020 22.400 17.300 
CALTRR~TFD AVFR~~F VFLOCTTY= 
TNTEGPATfD AV[PAGE VFLOCJTY= 
FLOW PATE CPOIND<;/MINI!Tf:J = 
FT/SC f) L"'lR 
R.nOO 1.000 
8.300 O.ROO 










DfMU DIMUC U+ 
1.000 1.429 27.57Q 
0.965 1.379 26.617 
O.RB4 1.763 ?.4.37?.. 
o.75A l .. OHO 20.844 
Q.,A63 o. 94 7 18.279 
0.628 0.897 17.317 
0.'587 0.819 l6.lq1+ 
0 .. '+ 77 0.681 11.148 
FRICTION FACTOR= 0.00537000 













HOT-FILM ANEMOMETER 1\1EASURFMf:NTS 
RUN= 30 POLYISORUTYLENF (n.4%) 
y T Flvl VOLTAGE 
0.500 2 3. 100 21.280 
0.400 2 3. 1 00 21.170 
0.300 23.100 ?.0.700 
0.200 23.100 20.280 
0.150 23.100 19. QfW 
0 .100 23.100 19.R20 
0.050 23.100 lf).500 
0.020 23.100 lR.96() 
CALTBR.ATF.O AVEPAGf VFLOCJTY= 
TNTEGRATFD AVFRAGF VELOCITY= 
FLOW RATE (POJNDS/MJNUTF) = 






















or ~~u DIMUC U+ 
1.000 1.4l7 32.867 
o.o·r6 l.jfL3 32.071 
O.A52 1.207 27.989 
0.750 1.063 24.651 
o.n99 0.991 22 .• 982 
0.680 0.9A3 22.340 
0.617 O.H75 20.285 
0.52'3 0.742 17.204 
FRICTION F~CTOP.= 0.00372000 













n 1 J 1 - r- l L 1'1 1\ f\1 t: 1"11 I ~"l t: I t: K M 1: A ) 1.1 t<, t: I"] t: f\1 I ;"') 
PUN= 31 POLYISOBUTYL~NE ·C0.4%} ' IN CYCLOHEXANF 
., .. " ' ·' ' ' 
y TFM VOLTAGE 
0.500 74.100 20.240 
0.400 24.100 ?0.190 
0.300 24.100 20.100 
o.zoo 2 4. ) 00 1°.970 
0.150 2 1t.-l00 19.R80 
0.100 ?4.100 10.Al10 
0.050 ? 4 .• 100 ]9.700 
0.020 24.100 19.640 
CALIARATED AVERAGE VFLOCITY= 
INTFGRATEn hVEPAGF VELOCITY= 






















DP1U OI MUC ll+ 
1.000 l. 2. CJ9 31.216 
0.938 1.242 29.283 
0.8fl6 1.173 27 .65A 
0.825 ] • 092 2 5. 743 
0.791 l.Ql~8 24.690 
0.779 1.031 ?4.307 
0.717 0.950 ?.2.393 
0.702 0.930 21.91'5 
F R T C T I 0 N F A C: T 0 R = 0 • 0 0 "16 0 0 0 0 





























constant in equation 11 
constant in equation 11 
canst ant in equation 7 
constant in equation 12 
inside diameter of tube 
voltage 
friction factor 
gravitational acceleration constant, equal to 
constant in equation 4 
constant in equation 10 




length between pressure taps 
Reynolds number 
Reynolds number of the solvent 
constant in equation 13 
pressure 
flow rate 
radial distance from the c e nter line in a tube 
inside tube radius 
average or bulk velocity 
local v e locity at some radi a l position in a tube 
center line velocity 







- 0 ~i 
'Lt 
121 
dimensionless velocity defined by equation 11 
friction velocity 
radial distance from the pipe wall 
dimensionless distance defined by equation 11 
constant in equation 16 
difference, as ~P is difference in pressure 
kinematic viscosity 




shear stress at the wall 
normal stress 
normal stress, deviatoric component 
first mode relaxation time 
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